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Despite considerable research effort undertaken by the scientific 
community, membrane fouling still remains as a major technical hurdle that 
needs to be addressed to enhance the cost-effectiveness of reverse osmosis 
(RO) systems for wastewater reclamation. The residual organic matter in 
treated secondary effluent, known as effluent organic matter (EfOM), has been 
implicated as an important RO foulant. However, our current understanding of 
this category of foulant is still very limited towards its efficient control.  
 
This study first investigated the fouling behaviors of wastewater 
reclamation RO membranes fed with ultrafiltration (UF) prefiltered secondary 
effluent from a tropical area wastewater reclamation plant at two operationally 
important permeate recovery levels. The associated fouling mechanisms were 
delineated with the aid of microscopic analysis of the fouling layer 
characteristics. There was a remarkable correlation between the different 
fouling behaviors observed and the characteristics of fouling layers developed. 
Organic fouling by carbohydrates and protein-like matters was found to be 
primarily responsible for the flux loss observed at the first-stage RO operating 
with a recovery of 55%. At the second-stage RO with a higher recovery of 
70%, the greatly enhanced deposition of organic foulants together with 
inorganic precipitation led to the formation of a thicker and irreversible 
composite fouling layer. Calcium phosphate and calcium carbonate were 
found to be the major precipitates at this recovery. The enhanced organic 
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deposition along with increasing permeate recovery was also corroborated by 
the significantly increasing organic fouling potential measured after inhibition 
of scaling. This study clearly demonstrated the need for more effective organic 
fouling control at the second-stage RO.  
 
As EfOM is a mixture of structurally complex poorly-defined organic 
compounds, this study further investigated the interactions between fractional 
components of EfOM and RO membranes and attempted to identify the most 
influential fraction(s) or physico-chemical properties governing the fouling 
process. Organic fouling behavior of EfOM was observed to closely correlate 
to the composition and physico-chemical properties of its components. Both 
hydrophilic in nature and strongly negatively-charged, the hydrophilic acid 
fraction resulted in minimal flux decline. Regardless of the presence of 
calcium ions, the hydrophilic neutral fraction, mainly composed of small size 
carbohydrates, resulted in the highest flux decline and exhibited highest 
affinity towards the membrane. EPS biopolymers, to which great importance 
has been associated with regard to causing RO organic fouling, resulted in less 
fouling than hydrophilic carbohydrates. Although EPS biopolymers tended to 
accumulate on the membrane in much higher quantities, the cake layer formed 
was found to constitute a much lower resistance towards filtration and have a 
much lower membrane affinity, probably due to their large molecular sizes. 
Therefore, it should be expected to impose a weaker fouling threat for long-
term RO operation.  
 
Overall, this study suggested that fouling phenomenon of RO membranes 
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SUMMARY 
treating wastewater might be mitigated by reducing the concentrations of 
small hydrophilic neutral organics. The required changes in the composition or 
physico-chemical properties of EfOM might be accomplished by 
implementing pertinent pretreatment or modifying operational conditions of 
the preceding biological treatment.  
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CHAPTER ONE INTRODUCTION 
CHAPTER ONE INTRODUCTION 
 
1.1 Need for advanced municipal wastewater reclamation 
technologies 
 
Water shortage is currently one of the major concerns for human beings all 
over the world. Although 75% of the Earth’s surface is covered by water, only 
0.3% of the global water resources is easily accessible freshwater contained in 
rivers, lakes and wetlands, with the rest being salty water, located deep 
underground or locked up in icecaps and glaciers (Samson and Charrier, 1997). 
This limited freshwater resource is also being threatened by human over-
exploitation because of the continuously increasing water demands along with 
fast growing population, improving living standards and urbanization. The 
number of water-stressed populations and countries is projected to increase 
rapidly in many parts of the world, which may reach 4 billion people and 54 
countries by the year 2050, or 40% of the projected world population at that 
time. It is envisioned that shortage of freshwater supply will become a major 
obstacle to economic and social growth of these countries (Hinrichsen, 2007). 
After human consumption and use of freshwater, the wastewater generated and 
discharged back to water bodies again causes extensive pollution of the 
aquatic environment if it is inadequately treated. As a result, in many countries 
the water shortage problem is encountered in terms of both quantity and 
quality. Furthermore, the global climate change which has shown early 
warning signs in recent years might result in wider variability in the seasonal 
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and regional precipitation and further exacerbate the status quo (Post, 2006). 
According to UN Global Environment Outlook 2000, water shortage together 
with global warming will be the most worrying concerns for the next 
millennium (Clarke, 1999). More recently, water is also being likened to 
another strategic natural resource - oil. The threatened supply of oil has fueled 
conflict between nations striving for exploitation rights and even global 
tension during energy crisis in the late 1970s (Steve, 2003). It has been 
foreseen by some that wars for water might replace wars for oil sometime in 
the future.  
 
Strategies such as water conservation campaigns, more efficient utility 
management through public-private partnership (PPP) or privatization or more 
resilient water pricing policies have been adopted worldwide to mitigate the 
water shortage problem (Vaknin, 2005). However, considering the rate at 
which global water usage has increased, which is 6 times in the past 100 years 
and will likely be doubled again by 2050, these efforts would not be sufficient 
to solve the problem in the long run (Vidal, 2006). In view of this, many 
water-stressed counties have been actively involved in the exploration of 
innovative technologies and viable solutions to utilize alternative water 
resources for local water supply augmentation. Seawater and brackish water, 
contaminated surface water, agricultural drainage, urban stormwater, 
municipal and industrial wastewater are the often considered candidates. 
Among them, reclaimed municipal wastewater effluent represents an attractive 
alternative resource for large urban communities. 90% of municipal water 
used will end up as municipal wastewater; hence it is a reliable resource and 
                                                                                                                                                    2 
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the only one that will increase in tandem with population growth and water 
consumption per capita (Abdel-Jawad et al., 1997). Its much lower salinity 
(500-1000 mg/L) compared with brackish water (4000-5000 mg/L) and 
seawater (30,000-50,000 mg/L) will translate into much lower production cost 
for high quality reclaimed water. On the other hand, utilizing reclaimed water 
for varieties of non-potable purposes such as agricultural irrigation, 
landscaping, industrial process uses, urban commercial uses, recreational and 
environmental uses could help to reduce potable water usage and thus 
postpone the construction of new water treatment and distribution 
infrastructures (Reith et al., 1998; Schaefer 2001; Qin et al., 2003; Into et al., 
2004). Furthermore, as wastewater discharge volume increases with increasing 
water usage, there is a need to control the total contaminant loading onto the 
receiving water bodies. As a result, utilities have been continuously driven to 
implement more sophisticated and costly treatment technologies to meet more 
stringent discharge permit limits. The reuse of treated effluent could help 
utilities to reduce such costs (Water Environment Federation, 2006). Therefore, 
there has been a change in the focus of wastewater management from 
pollution control-oriented to integrated water resource management-oriented 
in the past few years. Such change is necessitated by the need to not only meet 
the short-term water demand, but also to ensure the long-term water 
sustainability in the future (Roorda, 2004). 
 
The U.S., Japan, Israel, Saudi Arabia, Singapore and Australia are the 
major countries which have been implementing wastewater reclamation on a 
large-scale basis. However, 90% of wastewater in the developing countries is 
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discharged untreated and a saying among water engineers is "the solution to 
pollution is dilution". It is estimated that around 15 times of clean water in 
volume will be needed for the dilution and transport of dirty water before it 
can be used again (Hinrichsen et al., 1998). Therefore, for developing 
countries, the demand for incorporating wastewater reclamation and reuse into 
an integrated water planning and management system is more imperative. 
 
Depending on specific reuse applications, various unit processes targeting 
at eliminating different types of contaminants are required to upgrade treated 
effluent via advanced or tertiary wastewater treatment. Among them, indirect 
potable reuse presents the strictest effluent quality requirements which usually 
necessitate a train of different treatment technologies. Until the mid-1990s, 
granular activated carbon (GAC) adsorption has been the only effective unit 
process for removing residual dissolved organics in treated effluent generally 
achieving an effluent organic content ≤ 3-4 mg/L measured as total organic 
carbon (TOC). However, sophisticated pretreatment, such as lime precipitation 
followed by rapid filtration, is usually required. The high regeneration 
frequency of carbon and the resulting prohibitive operation cost make this 
process unfeasible for large-scale municipal applications (Asano et al., 2007). 
It is even more difficult for conventional tertiary wastewater treatment 
technologies like GAC adsorption to meet the water quality requirements of 
indirect potable reuse, especially with regard to the removal of dissolved salts, 
microbial contaminants and organic micropollutants with potential health 
concerns (Durham 1997; Kimura et al., 2003). In view of this, there has been 
extensive research effort by both academia and industry into advanced 
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wastewater treatment technologies for high-quality water reclamation in recent 
years. RO membrane process emerges as a viable technology which could 
provide effective barriers against a wide range of impurities including 
suspended solids, colloids, dissolved organic matter (DOM), salts and 
microbial contaminants (Ozaki and Li, 2002; Drewes et al., 2003; Nghiem et 
al., 2004). Thus multiple water quality objectives could be met through a 
single separation step as compared to conventional tertiary treatment 
technologies. It also offers advantages such as smaller footprint, lower 
chemical addition that leads to a lower secondary waste production, simplicity 
for operation and maintenance and convenience for future expansion. The 
advantage of a small footprint will provide greater flexibility when installing 
decentralized wastewater treatment plants (WWTP) in urban centers where 
space is limited and municipal wastewater reclamation is most needed or in 
remote rural areas without convenient access to public sewer networks. The 
type, design and operation of membrane systems used for wastewater 
reclamation varies for specific reuse applications and will be determined by 
the level of treatment required (Water Environment Federation, 2006).  
 
1.2 Limitations of RO membrane process for wastewater 
reclamation  
 
The two important performance indicators for membrane processes are: the 
quality of product water, which is related to the rejection efficiency of targeted 
solutes, and the system productivity, which has a large impact on the 
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economic feasibility of this technology. Membrane system productivity will 
subsequently be determined by the following three operation parameters, 
namely, attained specific flux (Js) or mass transfer coefficient (Kw), net water 
production (water production less water lost during system downtime and 
membrane backwashing and/or cleaning) and product water recovery (R). 
Darcy’s law, also referred as the resistances-in-series model, has been used to 
describe the relationship among flux, pressure and resistance to filtration 
(Soltanieh and Gill, 1981): 
Js or Kw ∝ ceresis tan
1 ∝
pressure
flux                                                      (1-1) 
 
Considering the superior rejection efficiency of RO membranes and high 
loadings of impurities present in treated municipal wastewater effluent as RO 
feed water, fouling is a natural and inevitable phenomenon. According to the 
International Union of Pure and Applied Chemistry, membrane fouling refers 
to the process that results in a decrease in performance of a membrane, caused 
by the deposition of suspended or dissolved solids on the external membrane 
surface, on the membrane pores, or within the membrane pores (Koros, 1996). 
Thus, as shown by Equation 1-1, the development of membrane fouling over 
operation time will gradually increase the total resistance to permeate flow 
resulting in a decline in specific flux. That is, when the membrane system is 
operated in constant- flux mode, the decline in specific flux will require a 
pressure increase to maintain the constant flux; alternatively, when the system 
is operated in constant-pressure mode, a decrease in flux will be reflected 
along with the decline in specific flux. Membrane fouling presents 
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considerable design and operational concerns and largely constricts the cost-
effectiveness and large-scale application of this process (Wilf and Alt, 1999; 
Bartels, 2005; Jarusutthirak et al., 2006; Lee et al., 2006; Ang and Elimelech, 
2007, 2008).  
 
Rigorous pretreatment processes are required in the first place to reduce 
the overall foulant loading of the water fed to membrane systems. In recent 
years, progress has been made in mitigation of membrane fouling associated 
with suspended solids and colloids, microorganisms and scaling through the 
implementation of microfiltration (MF) or ultrafiltration (UF) pretreatment, 
high-performance polymeric antiscalants and routine disinfection (Arora, 1983; 
Jarusutthirak et al., 2006; Lee et al., 2006; Ang and Elimelech, 2007, 2008). 
However, a large fraction of colloidal and/or soluble impurities remaining in 
the treated effluent that is able to penetrate the MF/UF pretreatment still pose a 
strong fouling threat to RO membranes used in wastewater reclamation 
(Winfield, 1979; Reardon et al., 2005). In particular, the residual organic 
matter, known as effluent organic matter (EfOM), has been implicated as an 
important RO foulant. Accumulating on the membrane surface as a sticky 
layer, they may entrap particulates or act as nucleation sites for sparingly 
soluble salts leading to irreversible membrane fouling (Schneider et al., 2005). 
As readily available microbial nutrients, they could also be assimilated by 
“opportunistic” microorganisms and thereby encourage membrane biofouling - 
the “Achilles heels” of RO membrane processes (Ridgway et al., 1996; 
Flemming et al., 1997).  
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To hinder the occurrence of fouling, the selection of operating conditions 
for membrane systems is also kept far from optimum. A higher initial flux will 
result in a faster decline in specific flux and a much higher cleaning frequency, 
and the net effect is often far less cumulative water production (Chellam et al., 
1998). Fouling phenomenon also set the upper limit of permeate recovery 
attained by a RO membrane process. For MF and UF membranes used for 
wastewater reclamation, the recovery is typically around 90% owing to 
product water loss during periodic backwashing. For NF and RO membranes, 
as the more densely packed spiral-wound configuration makes backwashing 
unfeasible, more conservative recovery levels ranging from 70% to 85% are 
typically adopted. The remaining untapped water will end up as RO brine, 
which often requires additional treatment before final disposal and thus 
present significant technical, economic and environmental challenges to 
wastewater reclamation projects, especially at inland locations (Mickley, 
2004).  
 
After the occurrence of fouling, periodic backwashing and/or chemical 
cleaning are needed to restore the membrane permeability and keep it at an 
acceptable level. As backwashing and/or chemical cleaning are unable to 
completely remove the foulants, gradual accumulation of foulants will 
inevitably take place, which in turn leads to time-dependent decline in 
membrane performance (Bourgeous et al, 2001). Compared with membrane 
systems used for drinking water treatment, a much higher backwashing and/or 
chemical cleaning frequency and a cross-flow regime, which enables rejected 
impurities to exit as a concentrate stream instead of being fully retained in the 
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membrane module (typical of a dead-end flow regime) are usually needed. 
This will consequently reduce the “effective” production time, lower the net 
water production, increase energy and chemical consumption, and ultimately 
shorten the membrane lifetime. Frequent chemical cleaning would also 
damage membrane materials because they have been found to have similar 
chemical structures to organic foulants (Mandan, 1983; Abdel-Jawad et al., 
1999; Li and Elimelech, 2004).  
 
All these fouling mitigation strategies discussed above also constitute a 
noticeable proportion of the capital and operational cost of a planned 
reclamation project. Studies have shown that pretreatment of feed water and 
membrane cleaning typically account for as high as 20% of the total 
membrane operation cost (Durham et al., 2002; Dudley et al., 2000). 
 
When reclaimed water is supplied for indirect potable reuse or 
groundwater recharge, it is crucial to ensure the reliability of wastewater 
reclamation process and the quality and safety of reclaimed water. Recently, 
many aquatic environments have been reported to be polluted with low 
concentrations of endocrine disrupting compounds (EDCs) and 
pharmaceutically active compounds (PhACs). Treated municipal wastewater 
effluent has been identified as a major source of these emerging micro-
pollutants (Kimura et al., 2004). However, the efficiency of RO membranes in 
rejecting these organic contaminants has not been fully proven. Fouling 
occurrence during wastewater reclamation might influence the rejection 
efficiency of membranes towards these organic contaminants and compromise 
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the reclaimed water quality. It has been reported colloidal fouling could result 
in a marked decrease in the rejection of inert organic compounds smaller than 
100 Da such as ethylene glycol (Ng, 2005). The effect of organic fouling on 
the rejection efficiency of tight NF/RO membranes is much more complex and 
still not well understood. Therefore, from water safety perspective, effective 
fouling control is also of critical importance.  
1.3 Research needs 
 
Despite presenting considerable design and operational concerns, our 
current understanding of the composition and characteristics of the large 
fraction of colloidal and/or dissolved organic foulants escaping MF/UF 
pretreatment is rather limited towards its effective control. Accurate fouling 
characterization, which involves a comprehensive feed water quality analysis 
and fouling potential quantification, understanding of fouling development 
during membrane operations and examination of the fouled membrane surface 
and fouling layer structure, is crucial to the formulation of pertinent fouling 
control strategies. Nevertheless, the widely used fouling indexes for 
commercial RO applications (e.g., silt density index (SDI) and modified 
fouling index (MFI)) cannot adequately characterize the “true” fouling 
potential of MF/UF pretreated secondary effluent as RO feed water due to 
their inability to measure colloidal and/or soluble fouling components (Park et 
al., 2006). Song and his co-workers (2004) proposed a new normalization 
method for determining the feed water fouling potential. Its effectiveness has 
been demonstrated by Singh and Song (2005). They noted that the new 
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method is able to correlate colloidal concentration and the solution chemistry 
of feed water and yet eliminate the influence of operational conditions. 
However, more experimental studies are still needed to validate this new 
fouling potential quantification method. 
 
Laboratory-scale fouling experiments are often performed with the aim of 
fouling characterization to avoid costly and time-consuming pilot studies. 
Generally, development of fouling and the resulting fouling layer 
characteristics are determined by feed water characteristics (i.e., nature and 
concentration of potential foulants and pretreatment procedures) and operating 
conditions of the membrane system (i.e., permeate flux, solution chemistry, 
permeate recovery and flow hydrodynamics). Therefore experimental 
conditions of the fouling experiments need to be well-controlled to truly 
reflect the fouling phenomenon occurring in commercial applications. Despite 
the many papers which dealt with organic fouling of high-pressure NF/RO 
membranes, most of these studies have primarily addressed drinking water 
applications, of which natural organic matter (NOM) has been identified as a 
major foulant (Hong and Elimelech, 1997). Besides NOM derived from 
drinking water, EfOM has been found to comprise a large proportion of 
soluble microbial products (SMP) or soluble extracellular polymeric 
substances (EPS) (Barker and Stuckey, 1999). SMP or soluble EPS, 
particularly the hydrophilic colloids and macromolecules, have recently been 
observed as major foulants of NF/RO membranes used for wastewater 
reclamation (Jarusutthirak et al., 2002; 2006). However, systematic fouling 
characterization studies of RO membranes receiving MF/UF pretreated 
                                                                                                                                                    11 
              
CHAPTER ONE INTRODUCTION 
secondary effluent for reclamation have yet to be conducted. Most fouling 
characterization studies reported thus far were conducted with synthetic 
wastewater or laboratory filtered secondary effluent (e.g. using 0.45 μm or 1 
μm MF membranes) without biocide addition. There are three main issues 
associated with these studies. Firstly, the occurrence of biofouling could not be 
prevented in these studies without sufficient disinfection before RO filtration, 
thus the macromolecular EPS identified at the end of fouling experiments 
might actually be released from in-situ microbial growth. Filtration 
experiments with sufficient biocide addition for short durations have been 
known to be able to inhibit microbial growth and ensure the fouling 
phenomenon observed would be primarily caused by colloidal and/or organic 
fouling rather than biological fouling. Secondly, the various colloids and 
macromolecules of organic nature identified as the key fouling agents by some 
researchers could have been largely rejected by the fouling layer 
“dynamically” formed during full-scale MF/UF pretreatment (Jacangelo et al., 
1995). Thirdly, the flow hydrodynamics and permeate recovery levels 
achieved in these studies are far from those typical of commercial applications, 
which could also influence the foulant characterization results. For example, at 
high permeate recovery levels, due to the elevated bulk concentrations and 
concentration polarization phenomenon, it is anticipated that the concentration 
increases of both electrolytes and foulants near the membrane surface could 
significantly enhance the deposition tendency of sparingly soluble salts and 
organics (Speth et al., 1996). When performing laboratory-scale cross-flow 
membrane experiments, an approach of continuously concentrating feed water 
by fully disposing the permeate produced and recycling the concentrate back 
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to the feed tank has been developed and found feasible to simulate high 
permeate recoveries based on an expression relating permeate recovery and 
feed water concentration factor (CF) (Le Gouellec et al, 2002).   
 
When membranes are fouled, the combined effect of different fouling 
mechanisms is the formation of a composite fouling layer. The characteristics 
of the fouling layer developed (i.e., the fouling layer composition, morphology 
and fouled membrane surface properties) will determine: (i) the additional 
resistance to permeation flow and thus, the flux decline rate and extent during 
membrane operation, and (ii) flux reversibility during subsequent membrane 
cleanings, which in turn affects the long-term performance of membrane 
systems. Membrane autopsy and advanced surface analytical techniques 
provide effective means to gain insight into the nature of fouling materials and 
the associated fouling mechanisms (Darton et al., 2004). After identifying the 
dominant foulants, pretreatment and cleaning protocols targeted at these 
specific contaminants could be developed accordingly.  
 
When investigating potential ways to suppress the fouling of RO 
membranes caused by EfOM, the biggest challenge lies in a lack of 
understanding in terms of composition and characteristics of EfOM and its 
associated fouling mechanisms. EfOM represents a large group of structurally 
complex, heterogeneous and poorly defined organic compounds derived from 
both raw wastewater and microbial metabolic activities. Although a myriad of 
compounds such as proteins, sugars, lipids, nucleic acids, organic acids, 
antibiotics, steroids and enzymes have been identified currently. The total 
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amount of EfOM components identified accounted for approximately 15% to 
20% of the effluent organic carbon content only (Rebhun and Manka, 1971; 
Ding et al., 1996; Schiener et al., 1998; Barker and Stuckey, 1999; Dignac et 
al., 2000).  
 
Most previous studies on membrane fouling associated with EfOM have 
been focused on MF/UF membranes used for tertiary filtration of treated 
effluent. More studies on EfOM fouling of RO membranes have been reported 
in the past few years due to increasing interest in treated effluent reclamation. 
However, a very high proportion of these studies were conducted with 
synthetic wastewater rather than real wastewater (Shon et al., 2005; 
Jarusutthirak et al., 2002, 2006; Ang et al., 2006; Li et al., 2007; Tang et al., 
2007b; Ang and Elimelech, 2007, 2008). In these studies, organic compounds 
such as commercial humic acids (HA), fulvic acids (FA), alginic acids or 
alginate salts, bovine serum albumin (BSA) and octanoic acids have been 
employed to model specific categories of EfOM components such as NOM, 
polysaccharides, proteins and fatty acids. One key shortcoming of this 
approach is that these organic compounds might not be able to adequately 
simulate the composition of EfOM. For example, the sodium alginate 
employed has been reported to have a molecular weight ranging from 12 to 80 
KDa and the bovine serum albumin (BSA) has a molecular weight around 66 
KDa. The preliminary characterization results of MF/UF prefiltered secondary 
effluent obtained in this study and results obtained by other researchers have 
unanimously reported an average molecular weight around 1 KDa. Thus, these 
SMP or EPS macromolecules which have been considered as the major cause 
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of fouling and extensively studied might not be present in real treated effluent 
in large quantities. Therefore, it would be more relevant to conduct the fouling 
experiments with real treated effluent samples. 
 
Studies on organic fouling of high-pressure NF/RO membranes have been 
initiated focusing on NOM as compared to EfOM because these membranes 
have been widely used for drinking water production before extended to 
wastewater reclamation applications. NOM has been considered by many as a 
major fouling agent of NF/RO membranes and the need for its effective 
control has been suggested (Jucker and Clark, 1994; Nilson and DiGiano, 
1996; Hong and Elimelech, 1997; Howe and Clark, 2002; Lee and Elimelech, 
2006). Extensive mechanistic studies have been conducted, most of which 
employ commercial or extracted humic acids as NOM surrogates. Surface 
adsorption and subsequent formation of a gel or cake layer have been 
postulated as the dominant fouling mechanism although much is still poorly 
understood. An initial deposition of organic foulants on the membrane surface 
which is mainly controlled by the interactions between foulants and the 
membrane material and subsequent development of a gel or cake layer 
controlled by the interactions between foulants in the bulk solution and the 
foulants already deposited have been suggested. In principle, membrane 
fouling by EfOM could be deduced to be also governed by these membrane-
foulant and foulant-foulant interactions. However, these molecular-level 
interactions were further found to be influenced by the physico-chemical 
properties of organic foulants and membranes, solution chemistry and 
hydrodynamic operation conditions, which made the fouling potential and 
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behavior dependent on source composition and operating conditions and 
understanding of the fouling phenomenon more difficult (Hong and Elimelech, 
1997; Li and Elimelech, 2004; Lee and Elimelech, 2006).  
 
In addition, NOM has been intensively characterized in terms of collective 
physico-chemical properties such as molecular weight distribution (MWD), 
hydrophobicity and charge, metal chelating properties and biodegradability, 
which facilitated the understanding of their impact on membrane fouling 
behaviors by NOM (Leenheer, 1981; Manka and Rebhun, 1982; Leenheer et 
al., 2001; Namour and Muller, 1998; Leenheer et al., 2001; Imai et al., 2002). 
In comparison, there is little information available on the correlation between 
the physico-chemical characteristics of EfOM (represented by its individual 
fractions) and their membrane fouling rate and adhesion strength. If the 
“critical” EfOM fraction(s) contributing most to fouling of RO membranes 
(i.e., the structures and characteristics associated with highest fouling potential) 
could be identified, effective cleaning strategies specifically targeting at these 
organic components could be developed rather than using generic methods. 
With a better understanding of the relationship between the EfOM physico-
chemical properties and fouling potential, it might also be possible to reduce 
fouling potential of feed water through modifying the concentration and 
composition of EfOM through biological treatment or upstream pretreatment. 
The concentration and physico-chemical characteristics of EfOM has been 
found to be highly dependent on wastewater sources and the operating 
conditions of preceding biodegradation such as substrate type and strength, 
temperature, organic loading rate (OLD) and sludge retention time (SRT). It 
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has been reported that the production of SMP can be minimized when 
choosing an optimal SRT (Daigger and Grady, 1977; Namour and Muller, 
1998; Barker and Stuckey, 1999; Barker et al., 2000). 
 
To date most studies have been focused on investigating interactions 
between potential organic foulants and the membrane. Aside from that, the 
reversibility of gel or cake fouling layer is also worth looking into as the 
strength of fouling layer adhesion onto the membrane surface will determine 
membrane permeability restorability during subsequent chemical cleanings 
and fouling development rate in the long term.  
 
In view of the above discussions, a better understanding on the fouling 
behavior and underlying fouling mechanisms on RO membranes treating high-
fouling treated effluent is needed. The information obtained could facilitate the 
formulation of effective fouling prevention or mitigation strategies through 
practical and economic approaches. 
 
1.4 Research objectives 
 
The overall objective of this study is to develop an improved 
understanding of EfOM fouling behavior and underlying mechanisms on RO 
membranes for treated municipal wastewater reclamation by conducting well-
controlled laboratory-scale experiments. The specific objectives of this study 
are as follows: 
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1 To investigate the fouling behaviors of EfOM on membranes at various 
product water recoveries typically achieved in industrial applications 
and delineate the associated fouling mechanisms through membrane 
autopsy and subsequent fouling layer and fouled membrane 
characterization.  
 
2 To characterize and compare the structural and physico-chemical 
properties of EfOM fractions isolated from UF prefiltered secondary 
effluent as RO feed water and to delineate the relationship between the 
structural and physico-chemical properties of EfOM and their fouling 
potential and strength on RO membranes. 
 
1.5 Organization of thesis 
 
This dissertation is divided into six chapters. Chapter 1 and Chapter 2 
provide a comprehensive review on previous theoretical and experimental 
studies on fouling of RO membrane processes used in wastewater reclamation 
applications with critical technical issues and research gaps being identified. 
This includes an overview of the key types of foulants and their fouling 
characteristics, with a specific emphasis on EfOM and the resulting organic 
fouling pertinent to this study. Theoretical models describing fouling 
development by organic matter and the resulting flux decline during 
membrane filtration are also reviewed briefly. Innovative normalization 
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methods for measuring feed water fouling potential and state-of-the-art 
techniques for fouled membrane and foulant characterization are summarized 
with an evaluation of their respective advantages and disadvantages. Fouling 
control and/or mitigation strategies most commonly applied in industrial 
applications and their associated costs are also reviewed.  
 
Chapter 3 describes the materials and the experimental procedures used in 
this study. The organic fouling behaviors of RO membranes and fouling layer 
composition and structure are presented in Chapter 4. Their changes along 
with increasing product water recovery are also discussed. In addition, the 
surface chemistry of the fouled membrane is analyzed to provide an insight 
into the underlying fouling mechanisms.  
 
Chapter 5 further addresses the interactions between five individual EfOM 
factions (with distinct structural and physico-chemical properties) and RO 
membranes and their effects on the rate and extent of fouling development 
observed with solution chemistry and hydrodynamic conditions typical of 
industrial operations. The correlation between organic carbon mass 
accumulated on the membrane and rate and extent of flux decline is discussed. 
The analysis on adhesion strength of fouling layer with membrane surface 
formed by individual EfOM factions in terms of permeability recovery after 
hydraulic cleaning is also presented.  
 
Finally, chapter 6 summarizes the major findings from this study and gives 
some recommendations for future research in this area.  
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CHAPTER TWO LITERATURE REVIEW 
 
2.1 Application of RO membrane process for wastewater 
reclamation  
 
The application of membrane processes for wastewater reclamation has 
been initially developed with RO process. In view of the superior rejection 
capabilities of RO membranes and high loadings of impurities present in 
treated effluent fed to RO, effective control of membrane fouling has long 
been considered critical to the technical and economic viability of this 
technology. The earliest attempt of using RO membranes to reclaim 
wastewater was at Water Factory 21, California, USA in 1976 where 
symmetric cellulose acetate (CA) RO membranes were applied after 
pretreatment by a combination of lime clarification and granular media 
filtration (GMF). However, because of insufficient sterilization of the 
microbial contaminants in feed water and high bioavailability of the CA 
membranes, rapid fouling and bacterial degradation of RO membranes were 
reported requiring membrane cleaning as frequent as twice per week 
(McCuthan and Johnson, 1970; Ridgway et al., 1983).  
 
Asymmetric thin-film-composite polyamide (TFC-PA) RO membranes 
were subsequently introduced in the 1980s. TFC-PA RO membranes employ 
an operating pressure that is about half of that required by CA membranes, and 
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it has the advantage of no significant hydrolysis problem and with a longer 
service life and a higher rejection efficiency (Rittmann and Semmens, 1992). 
Up till now, this membrane material has been dominating the industrial-scale 
RO membrane market. However, fouling problems still compromise the 
performance and limit the cost-effectiveness of its large-scale applications. 
TFC-PA membranes were observed to have a rougher surface than CA 
membranes. It was reported by Zhu and Elimelech (1997) that TFC-PA 
membranes have a higher fouling tendency toward aquatic colloids. More 
recent improvements on membrane materials include fabrication of partly- or 
fully-aromatic cross-linked PA RO membranes and the development of low-
fouling RO membranes (Alxander et al., 2003; Bartels et al., 2005). The 
surface properties, which have been targeted for improvement, include 
hydrophilicity, surface charge and roughness. For example, the LFC series 
membranes manufactured by Hydranautics (Nitto Denko, Japan) are claimed 
to have low-fouling features and have been widely applied for wastewater 
reclamation in recent years. These membranes have been reported to be coated 
with neutral polyalcohol layers rich in –COH functional groups resulting in a 
less charged surface than other PA RO membranes without coating layers 
(Tang et al., 2007a). However, only modest success has been observed 
following this route. First, although surface modification and/or coating by 
graft polymerization may help reduce fouling, it has been reported to result in 
permeability loss because the coating layer might impart additional resistance 
towards filtration (Belfer et al., 2001; Gilron et al., 2001). Alternative 
approaches such as the application of microwave plasma, radio frequency gas 
plasma and ion beam irradiation in surface modification have also been 
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explored (Bryjak et al., 2004; Riekerink et al., 2002). Second, the competitive 
advantages of these new membrane materials still need to be validated in more 
field studies. In a pilot study where anionic surfactants were employed, the 
low-fouling membranes with surface chemistry modified to be more 
hydrophilic, less charged and having lower affinity to dissolved organics 
performed even poorer than conventional PA membranes because they were 
unable to effectively repel these anionic surfactant as foulants (Alexander et al., 
2003).  (AWWA Membrane Technology Research Committee, 2005; 
Alxander et al., 2003; Bartels et al., 2005). Therefore, further studies are 
needed to improve the fouling resistance of currently-available RO membranes 
via surface modification while maintaining the original permeability as well as 
to develop new membrane materials. 
 
Up till the early 1990s, GMF and cartridge filtration have been the 
pretreatment schemes primarily adopted at the upstream of RO membranes 
used for wastewater reclamation. These conventional pretreatment processes 
have many disadvantages such as large footprint, high chemical dosage and 
waste sludge generation and failure to withstand shock loading of feed water. 
The development of continuous microfiltration (CMF) technology by Memcor 
Ltd. (Siemens, Germany) with automated air-assisted backwashing made the 
large-scale application of MF as RO pretreatment feasible (del Pino and 
Durham, 1999). MF could normally remove particles down to a size around 
0.1 μm, which is 10 to 100 times finer than GMF. When comparing SDI, a 
commonly used index indicating the propensity of a particular feed water to 
foul RO membranes, of feed water after different pretreatment schemes, 
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conventional pretreatment typically achieves a SDI of approximately 5, 
whereas MF achieves a SDI of less than 3 (Sundstrom, 2006). The operating 
flux of RO process could thereby be increased and the performance has been 
reported to be more predictable regardless of variations in feed water 
characteristics. According to Durham et al. (2001), the operating cost of RO 
process for wastewater treatment could be reduced by 30% to 40% after the 
introduction of MF pretreatment. The high efficiency of MF membranes in 
particle separation also meant excellent capability for bacteria removal, which 
could facilitate reducing the phenomenon of biofouling in the subsequent RO 
system. A well-designed GMF could normally provide 2-log removal of 
Giardia and Cryptosporidium (around 4-12 μm), which are protozoa larger 
than most bacteria. In comparison, removal efficiency from 3-log to 9-log of 
various bacterial groups (typically around 0.1-1 μm) is generally achieved by 
MF systems (Madireddi et al., 1997; Till et al., 1998; Gander et al., 2000b).  
 
The UF membranes subsequently introduced provided even higher 
removal of small colloids and organic macromolecules which might pass 
through MF pretreatment. The extent of removal depends largely on the 
molecular weight cutoff (MWCO) of UF membranes, which typically ranges 
from 10,000 Da to 100,000 Da. The organic rejection efficiencies of MF or UF 
membranes are also of importance because they will determine the 
concentrations and composition of organic contaminants fed to the RO system 
downstream. Organic rejections of MF and UF systems have also been found 
to be influenced by the “dynamic” cake layer formed between backwashing 
cycles. Thus, organic molecules having a smaller size than the nominal 
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membrane pore size might also be rejected (Crozes et al., 1997; Kulovaara et 
al., 1999). Therefore, a rigorous characterization of the organic components in 
MF/UF pretreated treated effluent is crucial to better understand the organic 
fouling phenomenon on the membrane surface. As with removal of particles, 
UF is also advantageous in microbial contaminant removal which could 
reduce the biofouling potential of RO feed water as the MWCO of UF is 
typically sufficiently small to achieve 100% removal of bacteria and protozoan 
cysts (Lovins et al., 2002). However, the membrane integrity must be strictly 
controlled to assure the process efficacy. There have been comparative studies 
on the performance of MF and UF membranes used as RO pretreatment (Kohl 
et al., 1993; Van Houtte et al., 1998; Alonso et al., 2001). However, there is no 
general conclusion on whether MF or UF is the preferred RO pretreatment 
technology. In some cases, the higher operating cost of adopting a UF 
membrane system with comparatively higher energy consumption and 
backwashing requirement could be offset by the lower operating cost of 
downstream RO with lower trans-membrane pressure requirement and less 
fouling occurrence (Leslie et al., 1996). While in other cases, the higher 
operating cost of UF membranes did not lead to less fouling occurrence in 
subsequent RO process (Kohl et al., 1992). The pilot- and full-scale 
experience of using UF membranes as pretreatment of the RO process is still 
rather limited. Expansion and deepening of the knowledge on its operating 
characteristics in this application is needed.  
 
Rapidly commercialized in the late 1990s, submerged membrane 
bioreactor (MBR) which combines conventional activated sludge process 
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(ASP) and membrane separation in an integral step has demonstrated its 
superior capability to improve effluent quality and great flexibility to be used 
for decentralized wastewater treatment (Gander et al., 2000; Fane and Fane, 
2005). There have been extensive research and continuing improvement on 
MBRs over the past few years in areas such as membrane fiber materials, 
biological operation conditions, aeration, pretreatment and chemical cleaning 
schemes. More recently, a promising scheme was proposed and investigated to 
use a single MBR step to replace the existing combination of conventional 
ASP and MF/UF pretreatment and following RO to produce high grade water 
directly from raw municipal wastewater (Lozier and Fernandez, 2001; 
Lawrence et al., 2002). As demonstrated by Qin and his co-workers, the new 
MBR-RO process was able to produce water of similar quality in a more 
consistent manner and provide a higher RO operating flux as compared to the 
current ASP-MF/UF-RO processes (Qin et al., 2006). However, the capital 
and operating cost of MBR systems are still prohibitive for large-scale 
applications and further studies are needed. Figure 2.1 shows two schemes of 










Figure 2.1 Overview of schemes of using RO membrane systems for 
wastewater reclamation (adapted from Water Environment Federation, 
2006). 
                                                                                                                                                    25 
              
CHAPTER TWO LITERATURE REVIEW 
 
2.2 Advantages of RO Process for wastewater reclamation 
 
A general consensus has been reached in both academia and industry that 
RO process is currently the most promising technology for wastewater 
reclamation. Through a single separation step, it provides a technically viable 
and economically feasible means to remove myriads of contaminants in 
treated effluent which cannot be addressed with conventional treatment 





Figure 2.2 Effectiveness of membrane treatment processes for removal of 
typical contaminants in secondary wastewater effluent (Water 
Environment Federation, 2005).  
 
Figure 2.2 presents an overview of the major categories of impurities 
generally found in treated effluent and the capabilities of different membrane 
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processes for their removal. GMF is also included for comparison (Taylor and 
Wiesner, 1999).  
 
With the advancement of analytical techniques, increasing numbers of 
synthetic organic compounds (SOCs) of anthropogenic origins and emerging 
organic micro-pollutants with potential health concerns (e.g., pesticides and 
herbicides, household cleaning products, EDCs and PhACs) are being detected 
in municipal wastewater. When using reclaimed wastewater to augment 
potable water resources (e.g., through the planned indirect potable reuse (PIPR) 
scheme), it is essential to have such a safeguard as RO. The efficiency of 
NF/RO membranes for retaining these emerging organic micro-pollutants has 
been demonstrated by a few studies (Nghiem and Schäfer, 2002; Kimura et al., 
2003, 2004; Michal and Mariusz, 2006). Negatively charged organic 
compounds were found to be rejected by NF/RO membranes more easily due 
to electrostatic repulsions between the compounds and membranes. When it 
comes to neutral (uncharged) compounds, the rejection efficiency will depend 
more on the physico-chemical properties of these compounds. These include 
molecular size and/or length, polarity, hydrophobicity/hydrophicility, etc. 
However, the lack of information on their rejection performance is apparent 
currently due to our limited understanding on the identity, structure and 
characteristics of emerging organic micro-pollutants. Studies on the impact of 
fouling occurrence on organic solute rejection efficiency are also limited. It 
was noted by Ng (2005) that membrane rejection of “small” micro-pollutants 
with a molecular weight smaller than 100 Da was impaired during initial stage 
of colloidal fouling, although the rejection of xylose with a molecular weight 
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larger than 100 Da was not affected. The author suggested the phenomenon 
observed could be attributed to cake-enhanced concentration polarization, 
whereby the colloidal cake layer deposited hindered the back diffusion of 
solutes from the membrane surface to the bulk solution that in turn resulted in 
a higher solute concentration gradient across the membrane. More in-depth 
studies are required to better understand this phenomenon. Therefore, besides 
maintaining the design productivity, it is also essential to operate RO 
membrane systems under a “fouling-free” condition to ensure its effectiveness 
as a water safety barrier.  
 
Application of RO process for wastewater reclamation is especially 
meaningful for arid countries relying solely on seawater desalination for 
freshwater supply. It could provide a new element of water resources in a 
sustainable and more cost-effective way than the currently available treatment 
technologies. For example, in Kuwait, the total cost of water reclamation from 
tertiary treated wastewater is estimated to be around 25% of the cost of 
seawater distillation via multistage flash (MSF) process (Abdel-Jawad, et al. 
1999). 
 
2.3 Fouling of RO process for wastewater reclamation 
 
As mentioned in Section 1.2, notwithstanding the many advantages, the 
exceptional performance of RO process in separation makes it naturally 
susceptible to fouling phenomenon, which constitutes a major obstacle to the 
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operational sustainability and cost-effectiveness of this technology. Hence, 
there has been extensive research effort to identify the “critical” constituents 
or conditions that lead to fouling, elucidate the associated fouling mechanisms, 
predict or assess the fouling potential of a specific water source, and try to find 
out efficient pretreatment and/or cleaning protocols to control fouling.  
 
2.3.1 Definition of fouling 
 
Generally speaking, depending on the relative sizes of potential foulants 
compared to membrane pores, membrane fouling might occur via: i) 
accumulating on the outer membrane surface or at membrane pore openings 
resulting in gradual building-up of a fouling layer, defined as external fouling 
or surface fouling; or ii) blocking membrane pores or being adsorbed onto the 
inner walls of membrane pores, defined as internal fouling. Having a MWCO 
ranging from 50 to 150 Da, RO membranes are generally considered as “non-
porous” to almost all aquatic impurities except for small dissolved solutes, and 
thus internal fouling is deemed unlikely in most situations. Surface fouling has 
hence been considered by many as the dominant fouling mechanism for RO 
membrane processes although the phenomenon is still poorly understood (Zhu 
and Elimelech, 1995). Organic fouling of RO membranes investigated in this 
study can therefore be defined as surface fouling.  
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2.3.2 Major types of foulants and associated fouling mechanisms  
 
RO membranes used in wastewater reclamation applications may be beset 
by a wide spectrum of impurities as RO membranes are generally considered 
“non-porous”. Based on their different physico-chemical properties and 
fouling mechanisms, they are generally classified into the following categories: 
particulates and colloids, sparingly soluble salts, organic matter and 
microorganisms (Zhu and Elimelech, 1997; Xie et al., 2004; Winfield, 1997; 
Ridgway et al., 1983).  
 
2.3.2.1 Colloidal fouling 
 
Treated effluent was reported to still contain high concentrations of 
particulates and colloids which covered a wide size range including settleable 
particles (>100μm), supercolloids (1-100μm) and colloids (0.001-1μm). 
Particulates should in the first place be prevented from entering RO membrane 
elements, which might cause abrasion of membrane active layers, directly 
compromise the effluent quality or clog the narrow membrane channels. 
Colloids from a few nanometers to a few micrometers have also been 
identified by many as an important category of foulant because of their 
tendency to attach and accumulate onto membrane surfaces (Zhu and 
Elimelech, 1995; Lee and Elimelech, 2004; Ning and Troyer, 2007). Winfield 
(1979) first reported that solid particles greater than 5 μm played a minor role 
in fouling of a RO unit fed with secondary wastewater effluent. However, 
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there was no differentiation between the respective contributions of organic 
matter, both in dissolved and colloidal form, and inorganic colloidal particles 
to membrane fouling. With no clear identification of the major foulant, 
development of pertinent fouling control strategies would be greatly hindered. 
Zhu and Elimelech (1995a), using both CA and TFC-PA RO membranes and 
aluminum oxide colloids, first demonstrated that colloidal fouling is controlled 
by colloid-membrane interactions and the interaction of colloids suspended in 
the bulk solution with already deposited colloids. Their study, however, cannot 
be generalized to other colloidal particles because the aluminum oxide colloids 
used were positively charged under typical water and wastewater solution 
chemistry, whereas most naturally occurring aquatic colloids are negatively 
charged. Using negatively charged silica colloids, a later study conducted by 
the same authors reported that operational hydrodynamics (initial flux and 
cross-flow velocity) and solution chemistry (pH, ionic strength and divalent 
cation concentrations) played important roles in controlling the deposition of 
colloids and hence the membrane fouling rate (Zhu and Elimelech, 1995b). 
Permeation drag, which is primarily determined by the driving pressure 
applied, inherently drives potential foulants to the membrane surface along 
with permeate flow. Therefore, to keep foulants from approaching and 
subsequently depositing onto the membrane surface, generating sufficient wall 
shear by maintaining high cross-flow velocities in membrane channels and/or 
creating flow turbulence by using feed spacers was suggested. The rate of 
colloidal fouling was also found to increase at lower pH, higher ionic strength 
(IS) and divalent cation concentrations and they attributed this phenomenon to 
the reduced electrostatic interactions between colloids and the membrane. 
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These results suggested the importance of adopting appropriate hydraulic and 
chemical operating conditions from the perspective of containing fouling. 
Elimelech et al. (1997) also noted the importance of membrane surface 
roughness in controlling colloidal fouling rate by observing increased 
deposition of silica colloids (0.24μm) on TFC-PA membranes than on 
smoother CA membranes. This observation indicates developing new 
membrane materials with smoother morphologies or membrane surface 
modification to increase its smoothness might facilitate reducing fouling 
occurrence caused by colloids. Up till then, the deposition and subsequent 
growth of a cake layer on the membrane surface was widely accepted as the 
major reason for flux decline observed. However, in a recent study, Hoek et al. 
(2003) demonstrated that deposition of colloids on tight membranes could 
increase concentrations of rejected salts in the boundary layer and 
subsequently gave rise to flux decline due to osmotic pressure effects. 
Therefore, this result emphasized the importance of maintaining a strong 
turbulence in narrow RO membrane channels. Although these mechanistic 
studies advanced our understanding of tight membrane fouling by colloids, a 
major limitation is colloids of homogeneous nature (e.g., aluminum oxide, 
ferric hydroxide or silica) were employed in most of these studies. However, 
the composition of colloidal matter in real treated effluent is found to be very 
heterogeneous, which includes silt and clay minerals, precipitated crystals, 
colloidal silica, oxides or hydroxides of iron, manganese and aluminum, 
biological debris and large organic macromolecules. Current mechanistic 
studies and models are still deficient in characterizing the morphology of 
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fouling layers made up of heterogeneous colloids and thus they are unable to 
accurately predict RO membrane flux behaviors (Tarabara et al., 2002).  
 
More recently, the application of in-line screenings (0.2-2 mm) and MF 
(0.02-0.2 μm) or UF membranes (30-200 KDa MWCO) have demonstrated to 
be able to prolong the operation time of RO membranes and increase their 
specific flux in some cases. However, there still remain large quantities of 
colloidal matter in treated effluent which are able to pass through MF/UF 
membranes and our current knowledge on their composition, characteristics 
and impact on the subsequent RO membranes is rather limited (Ning and 
Troyer, 2007). Characterization of these tiny colloids in the magnitude of sub-
micrometers requires more sophisticated techniques than conventional light 
blockage and light scattering techniques currently used for measuring the size 
distributions of micrometer-size particles in treated effluent (Neis and Tiehm, 
1997). In addition, synergistic effects were reported by Li and Elimelech 
(2006) through combined fouling studies using silica colloids and NOM. The 
presence of two types of foulants concurrently was found to result in 
considerably higher flux decline than colloidal fouling and organic fouling 
alone and also their additive effects. Although results of such combined 
fouling studies would be dependent on the characteristics of both colloids and 
organic matter investigated and might not be generalized to all RO membrane 
applications for wastewater reclamation, this study highlights the importance 
of considering the potential interactions between various fouling types. In 
summary, the review above suggested development of advanced 
characterization techniques for sub-micrometer colloids and a more in-depth 
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understanding of fouling layer composition and structures are needed to 




When RO membranes are operated in multiple stages to increase the 
recovery ratio of product water, inorganic precipitation or scaling may occur 
along the length of membrane modules when the solubility limit of certain 
sparingly soluble salts are exceeded. Calcium, magnesium, barium and 
strontium are generally considered as important inorganic ions which 
potentially cause RO scaling by forming precipitates such as carbonate, sulfate, 
silica, phosphates and metal oxides depending on raw water sources (Potts et 
al., 1981). A problematic scaling compound more specific for wastewater 
reclamation RO membranes is calcium phosphate as the precipitate has very 
low solubility and the phosphate concentrations can vary widely in municipal 
wastewater (Bartels, 2006). Another aspect that needs to be noticed is 
inorganic precipitates that are not able to form sufficient nuclei to settle could 
also foul RO membranes in the form of colloidal suspensions. More recently, 
precipitation was also found to occur due to oxidation of rejected iron salts 
during filtration, hydrolysis or reaction with silicates of aluminum salts used 
as coagulants. Therefore, optimization of pH and control of residual dissolved 
concentrations of these metals are essential when coagulant is dosed upstream 
of RO process (Mallevialle et al., 1996; Gabelich et al., 2002; Gabelich et al., 
2006). Conventional operational strategies to inhibit membrane scaling include 
low pH adjustment of feed water, dosing of anti-scalants, or limiting product 
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recovery ratio. More recently, addition of high-performance polymeric anti-
scalants has been recommended to replace conventional pH adjustment to 
avoid corrosion and safety concerns associated with using acids. The active 
ingredients of these commercial anti-scalants are mostly proprietary mixtures 
of polyelectrolytes such as polycarboxylates, polyacrylates, polyphosphonates 
and polyphosphates with various molecular weights (Shih et al., 2005; Li et al., 
2006). However, these scaling prevention strategies would have economic 
implications on RO systems as they will incur additional operation cost. 
Another limitation is most of these previous mechanistic studies have 
addressed inorganic scaling and other types of fouling of RO membranes 
separately. An operation condition identified beneficial to the mitigation of 
membrane scaling might aggravate membrane fouling by colloidal or organic 
matter. For example, low pH adjustment of feed water has been found to 
reduce the scaling potential of feed water by keeping the ionic product lower 
than the solubility product. However, low pH has been found to enhance 
fouling by colloids and NOM. Nevertheless, there has been only very few 
research work published addressing this topic from a holistic perspective 
(Schafer, 2001). It suggests the importance of having an exhaustive 
characterization of wastewater chemistry and all potential foulants present. 
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Considered as the “Achilles heel” of all membrane processes and RO in 
particular, biological fouling or biofouling occurs when free-living 
microorganisms such as bacteria, algae and/or fungi entering the membrane 
module are transported onto the membrane surface, where they attach and 
grow into an irreversibly surface-bound biofilm (Ridgway and Flemming, 
1996). Studies on biofouling of RO membranes showed that biofilms started to 
develop within the first hours of operation. Nevertheless, it only raised 
attention after reaching a threshold of interference to the operation system 
(Griebe and Flemming, 1998). Different from the other three types of fouling 
generally present (the occurrence of which could possibly be controlled by 
eliminating corresponding foulants from feed water), small quantities of 
“opportunistic” microorganisms escaping the pretreatment could convert 
biodegradable nutrients into biomass again. This means biodegradable 
nutrients present in feed water might be converted to biomass during 
subsequent RO filtration resulting in biofouling of membranes (Flemming et 
al., 2003). Depending on bacterial species, the initial bacterial adhesion on the 
membrane was found to be mediated by a combination of bacterial motility 
and bacteria-membrane interactions, which are further influenced by feed 
water chemical composition and surface characteristics of both bacterial cells 
and membranes (Pang et al., 2005; Salerno et al. 2005). These bacterial cells, 
usually being addressed as pioneer bacteria, would colonize the membrane 
surface via multi-step and complex biofilm development processes and much 
is still not clearly understood (Zhang et al., 2006). The EPS matrix developed 
by bacterial cells could also absorb other inorganic and/or organic foulants, act 
as nucleation sites for inorganic precipitation or entrap other biotic or abiotic 
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particles, which would further accelerate the overall fouling development rate 
(Flemming et al., 1997). Biofouling has been found to severely compromise 
the efficacy and economy of RO process which would result in deteriorated 
permeate quality, significantly increased pressure drop in RO channels and 
eventual membrane biodegradation. Biofouling phenomenon is more 
important for RO systems operating with feed water above 25°C in the Gulf or 
temperate climate countries. However, how the occurrence of biofouling 
resulted in membrane flux decline has not yet been clearly understood. Some 
researchers believed older biofilms would become more compressed resulting 
in an impermeable cake layer imparting significant filtration resistance (Water 
Environment Federation, 2006). However, it was pointed out by Herzberg and 
Elimelech (2007) more recently that increasing concentration polarization 
resulting from hindered back transport of salts by the growing or compressed 
biofilm is the key cause of flux decline. Fundamental understanding of the 
biofilm structure and associated fouling mechanism will have implications on 
devising effective biofouling control strategies.   
 
In spite of increasing understanding of biofouling, it still remains as one 
serious operational concern for most of the RO plants currently in operation. 
Failures of RO membrane systems owing to biofouling are still reported from 
time to time. Inhibition of biofouling has currently been achieved through 
chlorine addition both before and after MF/UF membrane pretreatment. As 
TFC-PA RO membranes, which are most widely applied currently, have lower 
tolerance towards free chlorine as compared to CA membranes, a weaker 
oxidant chloramine resulting from reaction between free chlorine and 
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ammonia at concentrations around 1-2 mg/L is normally maintained in MF/UF 
filtrate. The residual free chlorine needs to be eliminated by adding sodium 
bisulfite, which is the so-called dechlorination step. However, as pretreatment 
by loose-pore membranes and biocide addition could not fully ensure that no 
viable bacteria will enter RO membrane elements, this common practice might 
expose RO membranes to a high biofouling threat. Chlorine is also added 
during routine chemical cleaning cycles. Nevertheless, high dosage of these 
biocides needs to be avoided due to the concerns over the formation of 
disinfection by-products and their potential adverse health effects. A review by 
Baker and Dudley (1998) revealed that the use of chlorine may exacerbate 
biofouling problems due to the fact that microorganisms subjected to low 
levels of biocides often exude large amounts of EPS as a protection which 
would function as the scaffold of the biofilm matrix. This observation 
indicates that alternative biocides such as the emerging proprietary non-
oxidising microbiocides and more effective biofouling control strategies need 
to be developed. The latest studies have directed towards an integrated 
biofouling control approach including development of low-fouling membranes 
or surface coatings, limitation of bioavailable nutrients, bacterial prefiltration, 
use of adhesion inhibitors and dispersants, biofilm management through 
intelligent biocides, and biofim engineering to improve biofilm permeation 
and/or cleanability (Flemming et al., 2003). It is evident that mechanistic and 
engineering studies are needed to translate these conceptions into realistic 
engineering practices.  
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2.3.2.4 Organic fouling 
 
Membrane fouling caused by organic matter presents another critical 
operational concern for RO processes used for seawater and brackish water 
desalination, high purity water production and advanced wastewater treatment, 
as this category of foulant is almost ubiquitous in all raw water sources and is 
difficult to remove through conventional pretreatment schemes. The rate and 
extent of organic fouling have been found to be controlled by the foulant-
membrane and foulant-foulant interactions, although the phenomenon are still 
not well understood (Dalvi et al., 2000; Li and Elimelech, 2004). The factors 
which have been observed to affect the above interactions include: physico-
chemical properties of organic matter, solution chemistry, operation conditions 
and membrane properties (Hong and Elimelech, 1997; Li and Elimelech, 
2004). Research effort to delineate fouling mechanisms of EfOM on RO 
membranes has mainly been focused on these factors (Jarusutthirak et al., 
2002, 2006; Ang et al., 2006; Li et al., 2007; Tang et al., 2007b; Ang and 
Elimelech, 2007, 2008). A more detailed review of the past experimental 
studies with the aim of identifying the unanswered problems will be given 
later in this chapter.  
 
2.3.3 Fouling potential assessment and foulant characterization  
 
The performance and cost of a RO system are largely determined by 
intrinsic properties of feed water (i.e., nature and concentrations of potential 
foulants and solution chemistry), the so-called feed water fouling potential. It 
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will determine pretreatment requirements and the appropriate operating 
conditions adopted (Singh and Song, 2005; Park et al., 2006). Therefore, an 
efficacious fouling characterization, which involves both quantification of the 
feed water fouling potential and understanding of fouling development in RO 
membrane elements, is crucial to formulate pertinent fouling control strategies 
and guarantee successful operation of RO systems.  
 
Accurate quantification of feed water fouling potential could aid 
determining pretreatment requirements during planning and design stage of 
RO plants and also monitoring the efficiency of pretreatment systems during 
operation (Park et al., 2006). For NF/RO membranes, SDI is currently the 
most widely used fouling index to estimate the fouling potential of feed water 
primarily targeting at suspended solids. SDI test basically involves filtering the 
feed water through a 0.45 μm membrane sheet at constant pressure in dead-
end flow mode. The limitations with this empirically derived index include: 
first, the fouling rate measured is mainly associated with particles larger than 
0.45 μm, whereas smaller particles are the prime concern with respect to RO 
fouling. Second, the dead-end filtration mode adopted is apparently different 
from the cross-flow mode normally employed in RO membrane processes and 
thus different fouling mechanisms would be involved. To overcome 
deficiencies associated with SDI, fouling indexes such as Modified Fouling 
Index (MFI) were introduced later and shown to obtain results proportional to 
colloidal concentrations (Boerlage et al., 2003). The measurement of MFI was 
based on cake filtration theory and was further improved by utilizing UF and 
NF membranes with smaller pore sizes (Boerlage et al., 2002; Khirani et al., 
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2006). However, the same flow mode as in the SDI test was used. Therefore, 
although these two fouling indexes are widely used in engineering practices, 
they cannot truly reflect the fouling potential of feed water because of their 
inability to characterize those tiny colloids and dissolved solutes that are able 
to penetrate UF or NF membranes. Thus, there is a need to develop and 
validate alternative feed water fouling potential indexes.  
 
The fouling potential of different raw water sources or feed water having 
gone through different pretreatment schemes is usually assessed by comparing 
the time-dependent permeate flux decline rates in field studies. Owing to 
practical needs or technical constraints, different operating parameters (i.e., 
different membrane specimens and net driving pressure) were usually used in 
these fouling experiments. The observed permeate flux decline rate or extent 
was in turn commonly normalized with the initial permeate flux, clean water 
flux of the membrane specimen or the net driving pressure. Nevertheless, 
direct comparison of these normalized data can hardly provide accurate 
information on the feed water fouling potential due to their failure to eliminate 
the influence of operating parameters. Therefore, it is desirable to develop a 
fouling potential index that is merely characteristic of intrinsic properties of 
feed water and independent of these operating parameters, which is also the 
fundamental definition of the index. Thus, it could be conveniently applied to 
evaluate various raw water sources and select the preferred source and 
determine its pretreatment requirement regardless of the operating parameters 
adopted in membrane fouling experiments. Song et al. (2004) proposed a new 
normalization method by operationally defining the fouling potential of feed 
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water k as the increment in membrane resistance per unit volume of permeate 
collected per unit membrane surface area. That is: 
∫+= tt vdtkRR 00                                                            (2-1) 
where k is the fouling potential, Rt is the membrane resistance at a given time t, 
R0 is the clean membrane resistance, v is a function that describes the 
relationship of permeate flux with time, and Vt is the total volume of permeate 
produced per unit membrane area for a period of time t. Laboratory-scale 
ultrafiltration experiments demonstrated that this new definition of fouling 
potential could effectively reflect changes in colloidal concentrations and 
solution chemistry of feed water. The effect of operational conditions could 
also be eliminated (Song et al., 2004; Singh and Song, 2005). However, more 
experimental studies are needed to test and validate the effectiveness of this 
new definition and to identify its potential limitations.  
 
As discussed above, development of effective fouling control strategies 
need to be centered around a thorough understanding of foulants and their 
associated fouling mechanisms. Conventionally, the type of membrane foulant 
is defined indirectly based on the type of cleaning agent used in membrane 
cleaning to restore membrane permeability. Those that can be easily removed 
by acids are considered inorganic foulants and those effectively removed by 
alkaline and detergents are considered organic and biological foulants (Speth 
et al., 1996; Darton et al., 2004). In comparison, characterization of membrane 
foulant and fouling layer via membrane autopsy would provide direct and 
reliable information of the identity of membrane foulants and facilitate 
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understanding of associated fouling mechanisms. In order to avoid costly and 
time-consuming pilot studies, bench-scale filtration experiments are usually 
conducted to observe membrane fouling behaviors and prepare specimens for 
membrane autopsy. Development rate of fouling and the resulting fouling 
layer characteristics are generally dependent on both intrinsic properties of the 
feed water (i.e., nature and concentrations of potential foulants, solution 
chemistry and pretreatment procedures) and operating parameters of the 
membrane system (i.e., permeate flux, recovery and flow hydrodynamics). 
Therefore, pretreatment procedures of feed water and experimental conditions 
of fouling experiments need to be carefully selected to simulate the fouling 
phenomenon occurring in industrial applications.  
 
Theoretically, because of the small pores of RO membranes, inorganic 
colloids, colloidal and/or dissolved organic matter might all act as potential 
foulants. The specific fouling types would depend on their relative 
concentrations in feed water determined by the preceding pretreatment 
schemes adopted and their tendency of deposition and attachment onto the 
membrane. Recent studies by Jarusutthirak et al. (2002; 2006) pointed out the 
importance of SMP or soluble EPS, particularly the hydrophilic colloids and 
macromolecules, in causing fouling and flux decline of RO, NF and tight UF 
membranes. However, most of these fouling characterization studies were 
conducted with synthetic wastewater or laboratory filtered secondary effluent 
using 0.45 μm or 1 μm MF membranes without biocide addition. Furthermore, 
dead-end stirred cells rather than cross-flow filtration units which normally 
achieved a permeate recovery ratio less than 1% and highest up to 40% were 
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employed in most studies. There are three major issues associated with these 
studies. Firstly, considering the abundance of bacteria and easily bio-available 
nutrients in treated effluent, the occurrence of biofouling could not be safely 
prevented in these studies without biocide addition. Thus, macromolecular 
microbial products identified at the end of fouling experiments might actually 
be released from in-situ growth of metabolically active bacteria on membrane 
surface rather than from the original treated effluent. Short duration filtration 
experiments with sufficient biocide addition have been known to inhibit 
microbial growth and may help to ensure the fouling phenomenon observed 
would be primarily caused by colloidal and/or organic fouling instead of 
biological fouling. Secondly, the colloids and macromolecules of organic 
nature identified as the key fouling agents could be largely rejected by the 
fouling layer “dynamically” formed during full-scale MF/UF pretreatment 
(Jacangelo et al., 1995). Thirdly, the flow hydrodynamics and permeate 
recovery levels achieved in these studies are far from those typical of 
industrial applications, which could also influence the simulation of fouling 
occurrence and the subsequent foulant characterization results. For example, at 
high permeate recovery levels, due to the elevated bulk concentrations and 
concentration polarization phenomenon, it is anticipated that the increase in 
concentrations of both foulants and electrolytes (i.e., ionic strength and 
multivalent cations) near the membrane surface could significantly enhance 
the deposition tendency of sparingly soluble salts and organics (Speth et al., 
1996). To perform bench-scale cross-flow membrane experiments, an 
approach of continuously concentrating feed water by disposing the permeate 
produced and fully recycling the concentrate has been developed and found 
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feasible to simulate high permeate recoveries based on an expression relating 
permeate recovery and feed water concentration factor (CF) (Le Gouellec et al, 
2002). Therefore, systematic fouling characterization studies of RO 
membranes receiving MF/UF pretreated secondary effluent for reclamation 
with these considerations have yet to be conducted. 
 
In recent years, advanced surface analytical techniques such as Scanning 
electron microscopy (SEM) with Energy Dispersive X-ray (EDX), Field 
emission scanning electron microscope (FESEM), Transmission electron 
microscopy (TEM), AFM (atomic force microscopy), Streaming potential 
analyzer, contact angle analyzer, Attenuated total reflection Fourier 
Transmission Infrared (ATR-FTIR) spectroscopy, Pyrolysis-Gas 
chromatography mass spectroscopy (GCMS), X-ray photoelectron 
spectroscopy (XPS) and X-ray florescence (XRF) have more widely been used 
to study the properties (e.g., morphology, charge and hydrophobicity) and 
elemental and functional group compositions of the fouling layer (Ridgway et 
al., 1983; Jucker and Clark, 1994; Speth et al., 1996; Cho et al., 1998; Her et 
al., 2000; Gwon et al., 2003; Kimura et al., 2004). The information obtained 
significantly advanced our understanding of important foulants involved in 
different membrane applications and their fouling mechanisms. However, it 
should be noted that, although these analytical methods adopted the current 
state-of-the-art techniques, they all have their individual limitations. For 
example, most of microscopic analyses could only scan and characterize the 
fouled membrane to a limited depth and/or within a certain area. When 
interpreting results, attention should also be paid to the interferences from 
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sources other than potential foulants. For example, contamination by 
carbonaceous compounds is commonly encountered and hard to eliminate 
during XPS analysis. During ATR-FTIR analysis, the absorbance of foulants is 
frequently interfered by overlapping absorbance of underlying membrane 
substrates. Therefore, it is crucial to understand the advantages and limitations 
of each technique before selecting an analytical method to ensure the validity 
and reproducibility of results; and apply combinations of different techniques 
to corroborate results obtained. 
 
By modeling, Xie et al. (2004) assessed the effect of recovery on 
possibility of inorganic scaling and organic fouling in a municipal wastewater 
reclamation RO system. Results showed recovery ratio as high as 90% could 
be achieved using a commercial RO design software. However, a major 
limitation with this study is that the prediction was only based on 
thermodynamic calculations of scaling formation. How the presence of organic 
matter might affect membrane scaling formation was not addressed. In full-
scale industrial applications, much lower recovery levels around 70-80% are 
normally adopted to avoid overstress the RO system with such high 
concentrations of foulants. In addition, there is still much controversy over 
whether and how organic matter might interact with sparingly soluble salts at 
such high recovery levels. Boerlage et al. (1997) observed the presence of 
organic matter slowed down barium sulfate scalant formation and attributed 
the phenomenon to inhibition of crystallization by organics. However, 
Schneider et al. (2005) reported deposited organics might facilitate the 
precipitation of sparingly soluble salts acting as additional nuclei sites. Thus, 
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whether the formation of hardness ion-organic complexes or co-precipitation 
of organics with inorganic scaling will be dominant in membrane channels is 
not clear.  
 
As can be seen from the above discussions, many questions are still left 
unanswered regarding the actual role of EfOM in causing fouling of RO 
membranes for wastewater reclamation. Studies are needed to answer 
questions like: (i) What impurities present in RO feed water should be noted as 
potential membrane foulants and what are their characteristics? (ii) What is the 
fouling potential of RO feed water and how important operating parameters 
such as recovery ratio will influence it? (iii) Is EfOM the key membrane 
foulant as implicated by many researchers and what is the relative contribution 
of EfOM towards membrane fouling among all potential foulant types? (iv) 
What are the characteristics of the fouling layer deposited and fouled 
membrane? (v) What are the other foulant types in the fouling layer? etc. In 
addition, more knowledge on EfOM as an important RO foulant needs to be 
obtained. Much less information of it (e.g., its composition and membrane 
fouling characteristics) is known as compared to NOM thus far. Studies are 
needed to answer questions like: (i) What are the physico-chemical properties 
characterize this category of organic matter? (ii) Which component(s) 
contribute most to fouling in terms of hydraulic resistance? (iii) Which 
component(s) form the fouling layer that attached most strongly with the 
membrane? 
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2.4 Organic fouling of RO process used in wastewater 
reclamation 
 
The investigation and understanding of tight membrane fouling by organic 
matter has been initiated with NF/RO membranes treating surface water or 
groundwater, of which NOM has been identified as a major foulant. Surface 
waters typically contain 2-5 mg/L of dissolved organic matter in terms of 
dissolved organic carbon (DOC). In comparison, treated effluents normally 
contain dissolved organics at much higher concentrations ranging from 5 to 20 
mg/L of DOC. As a result, wastewater treatment RO membranes have been 
reported by many researchers to encounter more severe fouling problems 
caused by EfOM (Arora, 1983; Leslie et al., 1996; Bourgeous et al., 2001; 
Jarusutthirak et al. 2002, 2006; Lodge et al., 2004; Shon et al., 2004, 2005; 
Lee et al., 2006). In recent years, EfOM or algal organic matter (AOM) 
associated fouling problems have also been reported more frequently with 
membrane processes treating surface water (Imai et al., 2002; Mash et al., 
2004; Aoki et al, 2004; Park et al., 2006). This phenomenon could be 
attributed to increasing contributions by microbially-derived sources (i.e. 
autochthonous) to aquatic DOM as compared to terrestrially-derived sources 
(i.e. allochthonous) due to rapidly increasing effluent discharges to surface 
waters or excessive algal growth caused by widespread eutrophication. 
Despite imposing many design and operation constraints to membrane process, 
our current understanding of this category of foulant is still very limited 
towards its efficient control. The challenges were partly associated with the 
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lack of understanding on the composition of EfOM and its relationship with 
membrane fouling characteristics. 
 
Surface absorption or deposition and the ensuing development of a 
gel/cake layer have been postulated to account for fouling of tight NF/RO 
membranes by organic matter (Braghetta et al., 1996; Hong and Elimelech, 
1997). More specifically, it involves the initial adsorption or deposition of 
organic foulants onto the membrane surface controlled by interactions between 
foulants and the membrane surface and subsequent gel/cake layer development 
controlled by the interactions between foulants already deposited and foulants 
still present in the bulk. However, these molecular-level interactions were 
found to be influenced by the physico-chemical properties of organic foulants 
and membranes, solution chemistry and hydrodynamic operation conditions. 
These properties made the fouling potential and behavior dependent on source 
composition and operating conditions and understanding of the fouling 
phenomenon more difficult (Hong and Elimelech, 1997; Li and Elimelech, 
2004; Lee and Elimelech, 2006).  A detailed review of experimental studies 
elucidating the role of the above four parameters will be carried out in this 
section and unanswered problems will be identified.  
 
2.4.1 Effect of composition and characteristics of EfOM 
 
EfOM represents a wide range of poorly defined structurally complex 
organic compounds, which include slowly-biodegradable or non-
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biodegradable influent substrate, intermediates and end-products produced 
from substrate metabolism; microbial products produced during biological 
growth and decay; and condensation products formed from the above (Barker 
and Stuckey, 1999). More specifically, it could be categorized into the 
following three groups, namely, SMP derived from biological degradation, 
refractory NOM transported from drinking water, and SOCs from 
anthropogenic sources or produced during wastewater treatment. (Drewes et 
al., 2000; Jarusutthirak, et al., 2002; Park et al., 2005). Owing to its complex 
and heterogeneous composition, currently available analytical techniques 
cannot characterize EfOM to the molecular level (Dignac et al., 2000). The 
amount of compounds specifically identified was reported to only account for 
approximately 15% to 20% of effluent TOC (Ding et al., 1996). The 
unidentified majority of TOC has been recently characterized mainly as 
aquatic humic substances (AHS) such as HA and FA and SMP or EPS such as 
proteins, polysaccharides, lipids, nucleic acids, organic acids, antibiotics, 
steroids and enzymes (Rebhun and Manka, 1971; Saunders and Dick, 1981; 
Hejzlar and Chudoba, 1986; Schiener et al., 1998; Barker and Stuckey, 1999; 
Dignac et al., 2000).  
 
2.4.1.1 Composition and characteristics of NOM 
 
The physico-chemical properties of NOM (i.e., functional group 
composition, size, shape, polydispersity, acidity, charge and hydrophobicity) 
have been extensively characterized in organic fouling studies of NF/RO 
membranes, which facilitated more understanding of its impact on organic 
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fouling behaviors of membrane processes. Some approaches and 
methodologies adopted for NOM characterization could be referred to when 
investigating RO fouling by EfOM. 
 
In most natural waters, NOM has been reported to account for up to 80 % 
of DOC. A major fraction of NOM was found to be hydrophobic humic 
substances, which comprised around 50-90% of dissolved NOM (Thurman, 
1985; Buffle, et al., 1988; Nilson and DiGiano, 1996; Lin et al., 2000). The 
non-humic fractions of NOM are found to be less hydrophobic transphilic 
acids, proteins, animo acids and carbohydrates (Aiken et al., 1992; Owen et al., 
1995). It is of most interest to identify the major component(s) of NOM or 
associated physico-chemical properties responsible for the membrane fouling 
phenomenon observed as their identification would facilitate formulating more 
targeted rather than generic fouling control strategies.  
 
One approach is through conducting “simulated” membrane fouling 
experiments and the subsequent membrane autopsy to characterize the fouling 
layer formed in-situ on membrane specimens retrieved (Darton et al., 2004). 
This approach could provide a relatively “true” depiction of the identity of all 
foulants present, differentiate the major and minor foulants, find out how 
fouling layer composition would change in different locations of membrane 
elements or at different stages of membrane system and thus facilitates 
identifying potential design and operational problems (Speth et al., 1998; 
Gwon et al., 2003; Schneider et al., 2005). Speth et al. (1998) reported the 
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nature of NF membrane foulants in a pilot system fed with conventionally 
treated Ohio River water for 15 months. The propensity of NOM components 
to foul NF membranes was found to be in the order of polyhydroxy aromatics, 
proteins, polysaccharides and amino sugars. However, care should be taken 
when interpreting the results to differentiate the foulants identified. Issues such 
as whether the observation could be generalized to this category of membrane 
applications or the presence of foulants is caused by operational problems only 
specific to this case study should be carefully considered. For example, NOM 
components of microbial origin (i.e., SMP or EPS) have been identified as a 
major foulant for membrane processes treating surface water at high 
frequencies (Her et al., 2004; Park et al., 2005). However, in many studies, 
their presence could be attributed to the occurrence of biological fouling rather 
than abiotic organic fouling of membranes because of the failure of 
conventional pretreatments such as sand filtration to successfully prevent 
biofouling with biocide addition. In spite of the emerging advanced analytical 
techniques which could provide more insight into the structure and 
characteristics of fouling layer, little is know about the fouling development 
process. In addition, in large-scale industrial applications, membrane autopsy 
is a capital and time-consuming destructive method for fouling 
characterization after the occurrence of membrane fouling or membrane 
failure. There is a need to develop non-destructive and in-situ techniques for 
real-time monitoring of membrane performance and detect the early onset of 
fouling, which could help utility operators to respond more quickly and 
effectively to fouling scenarios of different nature.   
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Methods such as fractionation or sequential filtration were employed by 
researchers to divide complex NOM mixture into relatively more 
homogeneous fractions and subsequently rank their fouling potential (Lin et al. 
1999, 2000; Carroll et al., 2000; Fan et al., 2001; Howe and Clark, 2002). 
Physico-chemical properties of NOM (i.e., MWD, hydrophobicity, humic/non-
humic ratio and charge) were found to be important factors affecting the 
interactions between NOM and the membrane and the subsequent fouling 
behaviors. For example, gel-permeation chromatography and UF were 
employed to separate NOM mixture into organic groups of different molecular 
sizes. Adsorption on non-ionic macroporous resins was commonly employed 
to isolate NOM mixture from natural waters and fractionate into organic 
groups based on hydrophobicity and charge characteristics. Lin et al. (1999; 
2000) reported the hydrophilic fraction caused greater flux decline than the 
hydrophobic fraction after fractionating humic substances. Furthermore, the 
largest molecular weight DOC components of both hydrophobic and 
hydrophilic fractions were observed to result in highest flux decline. Using a 
sequential filtration process, Howe and Clark (2002) narrowed down the size 
range of important membrane foulants by observing that most of the flux 
decline was caused by a relatively small fraction of organic colloidal matter 
ranging from about 3-20 nm and constituting less than 15% of total DOM. 
These results provided a direct comparison of the interactions between 
different fouling components and the membrane. With identification of the 
“critical” fouling component in the complex NOM mixture, it is anticipated 
that their removal through pretreatment would significantly reduce the fouling 
potential of feed water. Nevertheless, there are also some limitations 
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associated with this category of method in revealing the identity of foulants as 
compared to the membrane autopsy approach. Firstly, the potential 
interactions between different types of foulants cannot be adequately 
addressed. Nilson and DiGiano (1996) observed that the unfractionated natural 
water sample showed greater flux decline than the hydrophobic fraction alone. 
Possible reasons proposed for the observed difference were potential 
interactions between the two organic fractions or loss of specific fouling 
components during fractionation procedures. Li and Elimelech (2006) also 
reported the synergistic effects of colloidal and NOM foulants in fouling of a 
loose NF membrane which resulted in a significantly higher flux decline as 
compared to the additive effects of colloidal fouling and organic fouling alone. 
Secondly, most of these studies were short duration bench-scale filtration tests. 
The irreversible foulants remaining after repeated cleaning cycles during 
large-scale membrane operations could hardly be simulated. Therefore, the 
“critical” fouling component identified in bench studies which demonstrated 
strongest interactions with the membrane might not be the “problematic” 
irreversible membrane foulant during large-scale industrial operations. To 
obtain a complete picture of the fouling tendency of a specific organic fraction, 
clean water flux reversibility should be assessed together with studies on 
fouling behavior. That is, the resulting flux decline and extent.  
 
Physico-chemical properties of NOM were found to be further influenced 
by solution chemistry and this should be noted when investigating fouling 
behaviors at different solution chemistries. AHS, as a major component of 
NOM, has been considered by many as an important membrane foulant. It 
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could be further categorized into HA, fulvic acids (FA) and humins according 
to their solubility in acidic solution. With a pHa of 4.7, HA are weak acids 
containing three main functional groups: carboxylic acids (-COOH), phenolic 
alcohol (-OH) and methoxy carbonyls (-C=O), the ionization degree of which 
determines the entire characteristics of HA (Stevenson, 1982). At neutral pH, 
normal ionic strength and calcium concentrations, HA are negatively charged 
with a loose and open conformation due to intra-molecular electrostatic 
repulsions. In comparison, at low pH, high ionic strength and high calcium 
concentrations, it will take on a rigid spherocolloidal-like shape due to charge 
neutralization and complexation with metals (Hong and Elimelech, 1997). FA 
with similar structures have a higher aliphatic and a lower aromatic content. 
Furthermore, these physico-chemical properties are interlinked. Molecular size 
was reported to affect the solubility and hydrophobicity of NOM. At low pH, 
large HA aggregates tend to be less soluble and absorb more easily onto 
hydrophobic membrane surfaces than smaller HA at higher pH (Jucker and 
Clark, 1994; Howe and Clark, 2002).  
 
Thus far, incomplete knowledge about the composition and characteristics 
of NOM still hinders our understanding on the role NOM played in membrane 
fouling and coming up with efficacious solutions. This could be partly 
attributed to the complex composition and labile nature of NOM, which is 
both source and season dependent and influenced by the solution chemistry. 
Based on various determination methods available in the 1990s, HA were 
identified as highly polydisperse organic macromolecules with molecular sizes 
ranging from 500 Da to over 200 KDa (Aiken and Malcolm, 1987; Beckett et 
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al., 1987; Chin et al., 1994). In most mechanistic studies on fouling, soil-based 
commercial HA with a molecular weight ranging from 10- 30 KDa or more 
than 50 KDa were used as model NOM compounds for simplicity. However, 
these commercial HA might differ greatly from those of interest in natural 
waters. Yuan and Zydney reported they are more hydrophobic and have a 
larger average molecular weight (1999). More recently, Suwannee River 
humic acid (SRHA) has been employed as the reference matter for NOM in 
many fouling studies. Measured at relatively low IS and low DOC 
concentrations (representative of most aquatic environments), Mw of SRHA 
was reported to be ranging from 1000 to 2300 Da (Chin et al., 1994; Zhou et 
al., 2000). We can see that these extracted HA are significantly smaller and 
less poly-dispersive than previous reference organics and this should be noted 
when interpreting fouling results.  
 
Characterization methods of aquatic NOM also need to be improved to 
facilitate the revelation of NOM fouling mechanisms. Most of the currently 
available characterization techniques require large quantities of water and 
complicated and time-consuming pretreatment steps - isolation, concentration 
or fractionation of organic samples such as RO concentration, dialysis, dry-
freezing, chromatography, UF filtration and nonionic resin extraction. Some of 
these pretreatment steps have also been reported to potentially compromise the 
integrity and/or alter the structure of organic matter studied and should be 
avoided (Aiken 1998; Maurice et al., 2002). For example, strong acidic 
conditions (i.e., 0.1M HCl and 0.2 M HF) were encountered when using a 
dialysis membrane bag to isolate colloidal NOM (Park et al., 2005). 
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Furthermore, most of the isolates or fractionates are operationally defined 
based on the isolation and fractionation methods employed. Therefore, it is 
often difficult to directly compare the results obtained by different researchers 
using different methodologies and approaches. Thus, there is still a need for 
developing simple, standardized, fast and non-destructive organic 
characterization techniques based on bulk water samples.  
 
2.4.1.2 Composition and characteristics of SMP or EPS 
 
Compared with NOM, our current understanding of the composition and 
characteristics of SMP or EPS is far more limited although they have been 
given increasing attention in wastewater reuse applications and biological 
fouling studies. The definition of SMP given by Noguera et al. (1994) is 
widely accepted - “the pool of organic compounds that result from substrate 
metabolism and biomass decay during the complete mineralization of simple 
substrates”. It could be subdivided into two groups, namely, utilization 
associated products (UAP) and biomass associated products (BAP). 
Theoretically, microbial cells build up active biomass by consuming substrate 
and simultaneously produce UAP and bound EPS. The bound EPS will then be 
hydrolyzed to BAP. Together with UAP, they could also be consumed by 
active biomass as substrate. Active biomass which undergoes endogenous 
decay will end up as dead cells ultimately. According to this unified theory, 
SMP could actually be considered equivalent to soluble EPS (Namkung and 
Rittman, 1986; Laspidou and Rittman, 2002). Quite a number of studies 
characterized these two differently-named groups of microbial products based 
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on collective physico-chemical properties (i.e., MWD, hydrophobicity, charge, 
metal complexing properties and biodegradability) and found they are 
essentially the same (Leenheer, 1981; Manka and Rebhun, 1982; Leenheer et 
al., 2001; Namour and Muller, 1998; Leenheer et al., 2001; Imai et al., 2002). 
Furthermore, UAP has been identified to be mainly small carbonaceous 
molecules whose production rate is proportional to substrate utilization rate. In 
comparison, BAP are macromolecular polymers containing carbon and 
nitrogen and their productions are mainly influenced by biomass 
concentrations (Jarusutthirak et al., 2006).  
 
Compared with influent organic matter which is predominantly composed 
of low-molecular-weight molecules with a non-modal distribution, EfOM was 
found to have higher proportions of high-molecular-weight molecules 
following a bimodal pattern of distribution (Barker and Stuckey, 1999). 
Rittman et al. (1987) reported that 70% of DOC in biologically treated effluent 
has molecular weight larger than 1K Da although the substrate phenol only has 
a molecular weight of 94 Da. Kuo and Parkin (1996) observed a bimodal 
distribution of EfOM with the majority of SMP being smaller than 1K Da or 
greater than 10 KDa and very little amounts of SMP in between. However, 
other researchers reported biologically treated effluent consisted mainly of 
small organic molecules (Imai et al., 2002; Ng et al., 2006). The disparity in 
these results could partially be explained by the fact that effluents of different 
characteristics were produced from different wastewater substrates and/or 
biological degradation processes. The different analytical methodologies 
and/or operational definitions adopted by researchers also resulted in 
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inconsistency and difficulty when comparing the results of different studies. 
Seasonal variations were also observed in the MWD of SMP. Shon et al. 
(2005a) reported that MWD of biologically treated secondary effluent ranged 
from 200 to 50000 Da in winter seasons as compared to 200 to 300 Da in 
spring and summer seasons.  
 
The hydrophobic/hydrophilic distribution or humic/non-humic ratio is 
another EfOM characteristic of importance. Firstly, hydrophobic AHS have 
been found to be widely present in biologically treated effluent as refractory 
organic matter remaining after biodegradation. Secondly, this group of organic 
matter has been considered by many as an important foulant of NF/RO 
membranes treating surface water. Therefore, do they still play an important 
role in fouling of RO membranes during wastewater applications is a question 
yet to be answered. There is another question: how would they compare with 
other hydrophilic components of EfOM? Study by Amy and his coworkers 
(1987) showed that around 40-60 % of EfOM could be categorized as 
hydrophobic AHS according to the International Humic Substances Society 
(IHSS) definition (Namour and Muller, 1998). More recently, Imai et al. (2002) 
reported that the most abundant fraction of EfOM was hydrophilic acids 
constituting 32-74% of DOC in effluents from four sewage treatment plants 
and three human-wastes treatment plants. AHS was identified as the second 
most dominant fraction accounting for 3–28% of DOC. As with MWD, Shon 
et al. (2004; 2005b) also indicated seasonal variations in the 
hydrophobic/hydrophilic distribution of EfOM. The hydrophobic fraction was 
found to be predominant in winter while the hydrophilic fraction in summer. 
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However, to date there has not been a comprehensive study conducted on the 
composition and characteristics of EfOM and correlating the result to its role 
in fouling wastewater reclamation RO membranes in tropical climates.  
 
There have been a number of studies relating the fouling behaviors of 
NOM to these measured organic properties with the hope to identify the most 
influential organic properties controlling the membrane fouling rate (Lin et al. 
1999, 2000; Carroll et al., 2000; Fan et al., 2001; Howe and Clark, 2002). In 
comparison, there has been little information available on the correlation 
between the physico-chemical properties of EfOM (represented by its 
individual fractions) and their membrane fouling potential. If the “critical” 
EfOM fraction(s) contributing to RO membrane fouling (that is, the organic 
structures and characteristics associated with the highest fouling potential) 
could be identified, pertinent feedwater pretreatment or membrane cleaning 
strategies specifically targeted at these organic components could be 
developed rather than using generic methods. 
 
Operating conditions of the preceding biological treatment were also found 
to be able to change the physico-chemical properties of EfOM in treated 
effluent as feed water to RO. Namour and Muller (1998) studied changes in 
the distribution of refractory AHS and biodegradable organics after 21-day 
biodegradation of treated secondary effluent. More intensive biodegradation 
was found to both decrease the EfOM concentration and render the effluent 
more humic resulting in an AHS ratio increase of around 40%. In comparison, 
the hydrophilic fractions such as proteins, polysaccharides, amino-sugars, 
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carboxylic acids and alcohols were observed to be labile towards 
biodegradation (Leenheer, 1981; Hajzlar and Chudoba, 1986; Qualls and 
Haines, 1991). It has also been reported that the production of SMP could be 
minimized when choosing an optimal SRT. The MWD of SMP was also found 
to shift towards higher ranges at higher SRT (Daigger and Grady, 1977; 
Namour and Muller, 1998; Barker and Stuckey, 1999; Barker et al., 2000). 
Therefore, it can be seen that the concentration, composition and physico-
chemical properties of EfOM are highly dependent on wastewater sources and 
operating conditions of the preceding biodegradation such as type and strength 
of substrates, temperature, organic loading rate (OLD) and sludge retention 
time (SRT), etc. The influences of these factors on the physico-chemical 
characteristics of EfOM should be taken into account when investigating 
EfOM fouling behaviors as the resulting changes in EfOM characteristics tend 
to influence the EfOM-membrane interactions and thus its fouling potential. 
On the other hand, it also means there might exist the possibility of modifying 
or reducing the fouling potential of EfOM by changing these influencing 
factors if the relationship between EfOM characteristics and fouling potential 
is also known. 
 
Most previous studies on membrane fouling associated with EfOM have 
been focused on MF/UF membranes used for tertiary filtration of treated 
effluent. More studies on EfOM fouling of RO membranes have been reported 
in the past few years due to increasing interest in treated effluent reclamation. 
However, a rather high percentage of these studies were conducted with 
synthetic wastewater rather than real wastewater (Shon et al., 2005; 
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Jarusutthirak et al., 2002, 2006; Ang et al., 2006; Li et al., 2007; Tang et al., 
2007b; Ang and Elimelech, 2007, 2008). In these studies, organic compounds 
such as commercial humic acids (HA), fulvic acids (FA), alginic acids or 
alginate salts, bovine serum albumin (BSA) and octanoic acids have been 
employed to model specific categories of EfOM components such as NOM, 
polysaccharides, proteins and fatty acids. One key limitation is that these 
organic compounds might not adequately simulate the composition of EfOM. 
For example, the sodium alginate employed has been reported to have a 
molecular weight ranging from 12 to 80 KDa and the bovine serum albumin 
(BSA) has a molecular weight around 66 KDa. However, the preliminary 
characterization results of MF/UF prefiltered secondary effluent obtained in 
this study and results obtained by other researchers have unanimously reported 
an average molecular weight around 1 KDa. Thus, these SMP or EPS 
macromolecules that researchers have attached high importance as the major 
membrane fouling agent and extensively studied might not be present in real 
treated effluent in large quantities. Therefore, it would be more relevant to 
conduct the fouling experiments with real treated effluent samples. 
 
To date most of the membrane fouling studies have been focused on 
investigating the interactions between potential organic foulants and the 
membrane. Aside from that, the reversibility of gel or cake fouling layer is 
also worth looking into as the adhesion strength of the fouling layer onto 
membrane surface will determine membrane permeability recovery during 
periodic chemical cleaning cycles and the long-term fouling development rate.  
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In view of the above discussions, more experimental studies are needed to 
observe the fouling behavior of EfOM on RO membranes reclaiming treated 
effluent and understand the underlying fouling mechanisms. A better 
understanding of the physico-chemical properties of EfOM is needed 
considering the complex and heterogeneous composition and labile nature of 
EfOM. There also exists a gap in understanding the correlation between the 
physico-chemical properties of EfOM and their fouling potential (i.e., fouling 
rate and extent, fouling layer structure and clean water flux reversibility). The 
information obtained could facilitate the formulation of effective fouling 
prevention or mitigation strategies through practical and economic approaches. 
 
2.4.2 Effect of membrane structure and surface properties 
 
As membrane organic fouling initiated with surface absorption or 
deposition of organic matter which is postulated to be mainly controlled by the 
membrane-foulant interactions, organic fouling rate and extent is deduced to 
be influenced by membrane surface properties naturally. Basically, 
membranes performance in terms of permeate flux and solute rejection is 
largely determined by membrane structure and surface properties (i.e., 
membrane thickness, pore size, pore size distribution, 
hydrophobicity/hydrophicility, roughness and surface charge) (Hirose et al., 
1996; Riedl et al., 1998). Membrane permeability, in the first place, was found 
to be strongly influenced by the structure of polymeric matrix constituting the 
“active” separation layer. The major difference between the performance of 
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NF and RO membranes lies in the looseness degree of this polymeric matrix. 
Therefore, when studying the influence of membrane structure and surface 
properties on organic fouling behaviors, the influence on the baseline 
membrane permeability by membrane surface properties should be 
differentiated from its influence on the membrane-foulant interactions. Higher 
membrane permeability would naturally drive foulants faster towards the 
membrane surface and thus lead to a faster fouling rate.  
 
Recent studies demonstrated that the initial fouling rate of NOM correlated 
with membrane surface properties (Escobar et al., 2000; Manttari et al., 2000; 
Peng et al. 2004). Her et al. (2000) first noted that the negative surface charges 
carried by most commercial NF/RO membranes could reduce the fouling rate 
owing to the electrostatic repulsions of negatively-charged NOM components. 
Manttari and his co-workers (2000) reported similar observation on effect of 
the negative surface charges. However, they also found that the hydrophobic 
interactions would overcome the electrostatic repulsions for strongly 
hydrophobic membranes. Riedl et al. (1998) also pointed out that membrane 
surface roughness would influence the morphology of fouling layer formed. 
Smooth membranes tended to result in a dense fouling layer whereas a more 
open fouling layer was formed on rougher membranes. Thus, it can be seen 
that the effect of membrane surface properties on organic fouling behavior is 
largely determined by the interplay of these electrostatic, hydrophobic and 
steric interactions between the membrane surface and potential foulants. This 
makes understanding of the underlying fouling mechanisms difficult and also 
presents challenges to operating utilities. First, the magnitude of these 
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individual interactions is determined by the characteristics of membranes and 
organic foulants and subsequently the solution chemistry of operating system. 
Therefore, different surface properties “critical” to membrane fouling 
identified might have been dependent on specific experimental conditions. For 
example, Koo et al. (2002) suggested that charge attractions had a stronger 
effect than hydrophobicity on fouling. However, in a pilot study by Zhao et al. 
(2005), the loss in membrane permeability was found to correlate more to 
membrane hydrophobicity and roughness rather than surface charge. 
Furthermore, a low-fouling membrane with surface chemistry modified to be 
more hydrophilic, less charged and having lower affinity to dissolved organics 
reported significantly higher fouling rate than standard PA membranes in a 
pilot study where anionic surfactants were employed (Alexander et al., 2003). 
This observation indicates a low-fouling membrane universally applicable to 
all source waters might not exist and utility operators need to select 
membranes based on an in-depth understanding of source water characteristics. 
As can be seen from the above discussions, the membrane-foulant interactions 
are highly dependent on the characteristics of organic foulants. Thus, one 
would expect that the results obtained from NOM fouling studies might not be 
generalized to EfOM which has a different composition. Therefore, more 
studies are needed to systematically investigate the membrane-EfOM 
interactions and their subsequent influence on membrane fouling behavior. In 
addition, the fast adsorption of NOM molecules onto the membrane surface 
and subsequent fouling was also found to change the membrane surface 
properties (i.e., hydrophobicity, zeta-potential and pore size distribution) 
(Gerard et al., 1998; Cho et al., 1998; Manttari et al., 2000; Kosutic and Kunst, 
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2002). The impact of these changes on membrane fouling behaviors and 
fouling layer structures in the long term needs to studied too. 
 
2.4.3 Effect of hydrodynamic parameters 
 
It has been observed in NOM fouling studies of NF/RO membranes that 
although static adsorption studies showed NOM could adsorb onto membrane 
surfaces, they cannot fully explain NOM fouling behaviors during membrane 
filtration. This could be explained by the fact that the fouling phenomenon 
involves not only chemical interactions but also physical or so-called 
hydrodynamic interactions (Hong and Elimelech, 1997). In fact, 
hydrodynamic operation parameters (i.e., initial permeate flux and cross-flow 
velocity) play an important role in membrane fouling caused by all types of 
foulants with no exception for organic matter. When higher initial flux or 
trans-membrane pressure is applied, organic molecules are transported faster 
towards the membrane; therefore, organic deposition will be enhanced. The 
initial flux also impacted the flux decline rate and extent by influencing the 
fouling layer compressibility. Recent mechanistic studies on membrane 
organic fouling with stimulants like AHS, polysaccharides and proteins 
showed the organic gel/cake layer became more compressed and resulted in an 
increased hydraulic resistance to permeate flow at higher initial flux (Hong 
and Elimelech, 1997; Ang and Elimelech, 2007 and 2008). This observation 
thus led to the definition of “critical flux” operationally - the maximum 
applicable permeate flux of membrane systems below which no significant 
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fouling would occur. The existence of “critical flux” largely limits the 
productivity and cost-efficiency of membrane systems. Membrane systems 
could only be operated at permeate flux above critical values when fouling 
potential of the feed water could be reduced through pretreatment or operation 
parameters could be optimized, which would normally entail additional 
operational costs. Therefore, when material scientists have taken great effort to 
improve membrane flux and thus productivity by improving on available 
membrane materials or fabricating new membrane materials, the operational 
limitations on membrane flux by fouling phenomenon should always be 
considered and controlled.  
 
On the other hand, organic fouling rate and extent were found to be 
lessened by increasing cross-flow velocity, mainly attributing to the increasing 
shear rate, mitigated concentration polarization phenomenon near the 
boundary layer and the disruption of fouling layer by high cross-flow velocity 
(Braghetta et al., 1996). In addition, organic matter which are brought near the 
membrane surface by permeation drag and cannot be carried away by the 
cross-flow would adhere to the membrane permanently and result in 
irreversible loss of membrane permeability. Therefore, the evolution from 
reversible fouling to irreversible fouling was largely controlled by operation 
conditions such as permeate flux and cross-flow velocity. Experimental 
evidence for this observation was provided by Crozes et al. (1997) that 
effective suppression of irreversible fouling by increasing cross-flow velocity, 
decreasing flux rate and increasing backwashing frequency. Furthermore, 
compromised backwashing efficiency was observed when higher trans-
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membrane pressures were applied in filtration cycles preceding membrane 
backwashings which resulted in the cake layer compression and inadequate 
foulant displacement during subsequent backwashings.  
 
Nevertheless, it needs to be kept in mind that most of these mechanistic 
studies on organic fouling behaviors were conducted on a laboratory scale. 
The relative importance of hydrodynamic operation parameters in controlling 
long-term membrane performance such as the average flux attained compared 
with other operation parameters (i.e., organic foulant characteristics, 
membrane surface properties and solution chemistry) has not been well 
investigated in field studies. 
 
2.4.4 Effect of solution chemistry  
 
Many mechanistic studies on NOM fouling of NF/RO membranes 
observed that both organic physcico-chemical properties (i.e., charge density, 
size and conformations of organic macromolecules) and membrane surface 
properties (i.e., pore size, hydrophobicity and surface charge) were influenced 
by the solution chemistry (i.e., pH, ionic strength and concentrations of multi-
valent ions) (Childress and Elimelech, 1996; Hong and Elimelech, 1997; 
Braghetta et al., 1998; Schafer et al. 1998; Seidel et al. 2002). Therefore, with 
regard to membrane fouling by EfOM, solution chemistry also plays an 
important role in determining both initial foulant-membrane interactions and 
subsequent foulant-foulant interactions. 
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Fouling rate of NF membranes by NOM was reported to increase in the 
presence of calcium ions, at decreased pH and increased ionic strength. At low 
pH and high ionic strength, a thick and dense layer was postulated to develop 
on the membrane surface attributing to the decreased electrostatic repulsions 
between NOM and membrane and also among NOM macromolecules. Charge 
neutralization, complexation and bridging between NOM macromolecules 
were proposed to be responsible for enhanced fouling observed in the presence 
of multi-valent cations like calcium and to a lesser extent magnesium (Hong 
and Elimelech, 1997; Braghetta et al., 1997; 1998; Schafer et al. 1998; Seidel 
et al. 2002). However, it should be noted that the impact on organic fouling 
potential by changing solution chemistry was closely related to the physico-
chemical properties of NOM. For instance, Clark and Jucker (1993) observed 
that the effect of calcium on fouling rate of HA was stronger than that of FA 
due to the formation of more hydrophobic compounds by the former. In 
addition, most mechanistic studies on NOM fouling of NF/RO membranes 
were conducted with commercial HA, FA or extensively characterized SRHA, 
Suwannee River fulvic acid (SRFA) or Suwannee River natural organic matter 
(SRNOM). Commercial HA or FA are mainly from soil origin and their 
limitations have been mentioned earlier. SRHA, SRFA and SRNOM, although 
serving as good NOM stimulants, have been identified as primarily 
hydrophobic acids (around 70% of DOC composition) of anionic nature at 
naturally occurring pH (Braghetta et al., 1997; 1998). The results obtained 
with NOM might not be directly transferable to EfOM in secondary treated 
effluent having a different and even more complex composition as shown by 
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preliminary results of this study. Therefore, experimental studies on the effect 
of solution chemistry parameters on EfOM fouling behaviors at typical 
wastewater reclamation solution conditions are needed.  
 
SMP has been reported to exhibit metal chelating properties owing to the 
presence of functional groups such as carboxylates, phenol, amines and 
hydroxyls, which could help control wastewater metal levels in terms of both 
metal toxicity and metal bioavailability through ligands and complexs 
formation (Barker and Stuckey, 1999). In addition, Bender et al. (1970) 
reported high molecular weight fraction of SMP particularly showed high 
binding capacity for copper. More recent studies by Lee et al. (2006) and Ang 
and Elimelech (2007, 2008) demonstrated fouling tendency of RO membranes 
by hydrophilic organic matter was markedly correlated with varying solution 
chemistry. These researchers also corroborated the above correlations through 
AFM measurements of intermolecular adhesion forces at various solution 
chemistries. However, there are also limitations with these studies. The 
organic compounds employed in these studies to model specific EfOM 
components (e.g., alginic acids for acidic polysaccharides, BSA for proteins 
and octanoic acids for fatty acids) might not adequately represent the 
composition of EfOM in secondary treated effluent. According to the values 
reported by Lee et al. (2006) and Ang and Elimelech (2007, 2008), these 
organic macromolecules employed had a much higher molecular weight 
around 10-80 times higher than EfOM in real UF prefiltered secondary 
effluent observed in this study. As is generally known, the influence of 
solution chemistry on organic fouling potential was closely related to organic 
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physico-chemical properties; further experimental studies on the effects of 
solution chemistry using real treated effluent samples are needed. 
 
2.5 Fouling control strategies and associated costs 
 
As discussed above, fouling of RO membranes is a significant concern 
with respect to design and operation during wastewater reclamation. 
Experiences from commercial membrane wastewater reclamation plants have 
demonstrated that certain key design and operation parameters must be 
followed to prevent rapid membrane fouling and thus avoid high maintenance 
costs. The following strategies are usually evaluated or implemented for 
membrane fouling control: 1) pretreatment; 2) optimization of process 
parameters; 3) development of low-fouling membrane materials; and 4) 
periodic cleaning of fouled membranes. 
 
For RO systems used in wastewater reclamation, extensive and robust 
pretreatment is essential considering the high fouling potential of secondary 
treated effluent as feed water and the potential fluctuations of the preceding 
biological treatment. Effective pretreatment could reduce the chemical 
cleaning frequency, which is an important factor determining the system 
operation cost and also membrane life. Owing to the heterogeneous 
composition of source water and complex interactions between potential 
membrane foulants, complete prevention or elimination of fouling occurrence 
in all forms is hardly achievable. Containing fouling development within 
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acceptable levels and/or mitigating the “critical” fouling phenomenon is a 
more likely approach. It has been found that membrane fouling rate decreased 
as the degree of sewage pretreatment increased, implicating the presence of 
“critical” fouling agents remaining at various stages of sewage pretreatment 
controlling the apparent fouling rate (Golomb & Besik, 1970; Bailey, 1974). 
To date, a variety of pretreatment schemes have been assessed. These include 
inorganic salt or polymeric coagulation, powered activated carbon (PAC) 
adsorption, ozonation and biological activated carbon (BAC) filtration, lime 
softening, ion exchange, GMF and MF/UF membrane filtration (Everest et al., 
1998; Maartens et al., 1999; van der Hoek et al., 1999; Lopez-Ramirez et al., 
2003; Wend et al., 2003). As the majority of these techniques targeted at 
different aquatic constituents, a pretreatment train might be needed based on 
the specific composition of source water. Conventional processes such as 
flocculation, lime clarification, recarbonation with CO2, settling and slow 
gravity filtration were first adopted as pretreatment before RO process in 
Water Factory 21, CA, US. The biological activity is controlled by 
chlorination at the inlet to RO membranes. In smaller wastewater reclamation 
RO systems, lime clarification and gravity filtration was replaced by in-line 
flocculation followed by two-stage pressure filtration or cartridge filtration. 
However, these conventional pretreatment schemes have proven insufficient 
resulted in rapid membrane fouling. The introduction of MF/UF offers a 
higher removal efficiency of particulates and colloids as RO pretreatment has 
been demonstrated making RO operations more predictable (Durham et al., 
2001). This new pretreatment scheme also features automatically sequenced 
short-duration backwashing with air-scrubbing in some cases which enables 
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MF/UF membrane to maintain a relatively stable permeate flux rate. When 
foulants progressively accumulated over certain backwashing cycles and flux 
dropped to unsatisfactory levels, chemical cleaning would be initiated to 
restore membrane permeability through clean-in-place (CIP) process. 
Therefore, it can be seen that, as foulant loading to RO membranes was 
relieved, fouling problem associated with particulates and colloids was 
actually upstream transferred to MF/UF membranes. Likewise, efficient 
fouling control strategies of MF/UF systems also need to be in place and this 
would undoubtedly incur additional operational cost.  
 
Operation conditions such as low permeate flux or driving pressure and 
high shear rate or cross-flow velocity were found to arrest concentration 
polarization phenomenon and thus reversible fouling, which would 
subsequently hinder the transformation of reversible fouling to irreversible 
fouling (Hong and Elimelech, 1997). However, adopting low permeate flux for 
the purpose of containing fouling would directly reduce membrane 
productivity and applying high shear rate would result in higher energy 
consumption. The above reviews indicate further studies on efficient while 
less energy-intensive fouling control strategies are needed to improve the cost-
efficiency of membrane systems. 
 
Low-fouling membranes with surface chemistry modified to become more 
hydrophilic, slightly charged and having lower affinity to dissolved organics 
have recently emerged for commercial use in municipal wastewater 
reclamation (Wilf and Alt, 1999). However, it was reported that these fouling-
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resistant membranes did not achieve lower operating pressures for equivalent 
permeate production rate than energy saving elements with higher surface area 
packing (Franks et al., 2007). In a pilot study where anionic surfactants were 
employed, the low-fouling membranes performed even poorer than 
conventional PA membranes which could effectively repel the anionic 
surfactant foulants because they are strongly negatively charged (Alexander et 
al., 2003). The above findings suggest that further studies are needed to 
develop low-fouling membranes which could be more widely applied to 
different wastewater quality as well as varying operation conditions.  
 
Despite the vast effort to mitigate membrane fouling phenomenon as 
mentioned above, fouling is still inevitable. It has been noted that some 
pretreatment processes applied to solve specific fouling problems may lead to 
other problems (Walton, 1988). As a result, membrane systems generally 
require chemical cleaning to ensure its operational sustainability. Chemical 
cleaning of fouled membranes is realized through the reactions between 
chemical agents and foulants which lead to the removal of the foulants, 
changed morphology of the fouling layer, or altered surface chemistry of the 
fouling layer (Weis et al., 2003). Consequently, a good understanding of the 
“critical” foulant and associated fouling mechanisms is crucial in choosing the 
proper cleaning chemicals and optimizing cleaning procedures. Studies have 
shown that flushing by clean water or permeate water could only remove 
loosely attached organic molecules; while for strongly attached foulants, 
chemical cleaning is often needed (Braghetta et al., 1998). Selection of the 
membrane cleaning agent and protocols would also depend on its 
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compatibility with the membrane material. Four categories of membrane 
cleaning agents are commonly used: alkalines, acids, metal chelating agents 
and surfactants (Madaeni et al., 2001; Liikanen et al., 2002; Mohammadi et al., 
2003). A combination of alkaline solutions and detergents was accepted by 
many researchers to be most effective in removing organic foulants (Maartens 
et al., 1998). In comparison, acid cleaning was found to be effective in 
removing inorganic fouling components (Speth et al., 1996). Commercial 
cleaning products are usually mixtures of these compounds, but the actual 
composition is often proprietary and unknown. The efficiency of chemical 
cleaning was found to be dependent on the concentrations of cleaning 
chemicals, the duration and frequency of cleaning and cleaning conditions 
such as temperature, pH, cross-flow velocity and pressure (Lindau and 
Jonsson, 1994). However, test conditions in these studies were very specific in 
terms of raw water quality, membrane properties, and cleaning conditions 
(Tran-Ha and Wiley, 1998; Li and Elimelech, 2004; Ang et al., 2006). To date, 
mechanistic studies on chemical cleaning of polymeric membranes are still 
rather scarce and imminently needed.  
 
Another aspect needs to be noted is the cost associated with the above 
fouling control strategies represents a noticeable percentage of the overall cost 
of RO membrane systems. It was reported that pretreatment and chemical 
cleaning represents 5-25% of the total operating cost of RO system, 
respectively (Dudley et al., 2000; Madaeni et al., 2001; Shahalam et al., 2002). 
If membrane fouling could not be effectively controlled and subsequent 
cleaning failed to restore the membrane productivity, it might result in the 
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plant shut-down ultimately (Kaakinen and Moody, 1985). Therefore, further 
experimental studies are needed to better understand the underlying fouling 
mechanisms and devise effective fouling control strategies.  
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CHAPTER THREE MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Feed water  
 
The feed water used in the bulk of this study was UF prefiltered secondary 
wastewater effluent collected from a local water reclamation plant (WRP) 
employing a dual-membrane UF-RO system and ultraviolet (UV) disinfection 
technology to reclaim high-quality water for non-potable and indirect potable 
use. The WRP providing treated secondary effluent received more than 95% of 
its wastewater from domestic sources and employed a secondary treatment 
system consisting of the following unit operations processes: bar screening, 
flow equalization, nitrifying activated sludge process with a provision for a 




Figure 3.1 Process flow diagram for Water Reclamation Plant and feed 
water sample collection points (a).   
 
The secondary effluent further went through a self-cleaning strainer (0.5 
mm), followed by submerged inside-out polyvinylidene difluoride (PVDF) UF 
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(Zeeweed®500, Zenon, GE Infrastructure Water Process and Technologies, 
USA) with a nominal pore size of 0.035μm equipped with a CIP system. 
Sodium hypochlorite was added at two points: - one before the microstrainer 
and one after UF to produce a combined chloramine residual of 2 to 3 mg/L in 
the feed water to both UF and RO systems. The chlorinated UF filtrate, taken 
from point (a) as shown in Figure 3.1, was directly utilized as RO feed water 
or subjected to subsequent isolation and fractionation carried out in this study.  
 
The water samples were collected in 30 L jerry cans and transported back 
to the laboratory where they were stored at 4 oC in the darkness until use. Feed 
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TABLE 3.1 Quality parameters of UF prefiltered secondary wastewater 
effluent 
 
Parameter Analytical method Average concentration  
pH S.M. 4500-H+a 7.31b (0.29)c
Turbidity (NTU) S.M. 2130 0.07 (0.03) 
Conductivity (μS/cm) S.M. 2510 736 (100) 
TDS (mg L-1) USEPA 160.1 469.45 (16.67) 
Alkalinity (mgCaCO3 L-1) S.M. 2320B 45.00 (7.07) 
Hardness (mgCaCO3 L-1) S.M. 2340B 84.96 (22.37) 
DOC (mg L-1) S.M. 5310B 6.51 (0.77) 
UV254nm (cm-1) S.M. 5910 0.15 (0.01) 
SUVA (L mg-1m-1) ratio of UV254nm to DOC 2.2 (0.2) 
Protein (mg L-1) the Lowry method  3.37 (0.93) 
Carbohydrate (mg L-1) the Dubois method  2.78 (0.36) 
Si (mg L-1) S.M. 3120 4.86 (2.30) 
Al (mg L-1) S.M. 3120 0.02 (0.03) 
Ca (mg L-1) S.M. 3120 23.22 (3.93) 
Mg (mg L-1) S.M. 3120 6.89 (4.40) 
Fe (mg L-1) S.M. 3120 0.02 (0.02) 
K (mg L-1) S.M. 3120 21.30 (4.55) 
Na (mg L-1) S.M. 3120 132.35 (39.31) 
NH4-N (mg L-1) S.M. 4110B 4.45 (3.21) 
NO3-N (mg L-1) S.M. 4110B 27.67 (8.82) 
F- (mg L-1) S.M. 4110B 2.75 (1.42) 
Cl- (mg L-1) S.M. 4110B 159.05 (60.05) 
Br- (mg L-1) S.M. 4110B 0.38 (0.30) 
SO42- (mg L-1) S.M. 4110B 62.17 (8.16) 
PO43- (mg L-1) S.M. 4110B 10.91 (6.22) 
a S.M. = Standard Methods for the Examination of Water and Wastewater, (20th ed.). b 
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3.1.2 RO membrane 
 
Commercially available TFC-PA RO membranes (AG, Osmonics, GE 
Infrastructure Water Process and Technologies, USA) were used in this study. 
This membrane has been well-characterized and widely used for brackish 
water applications (Sagle et al., 2005). The membrane specimens were 
supplied as dry flat sheets. They were cut into required sizes and stored in 
deionized (DI) water (Milli-Q, Millipore, USA) at 4 oC in the darkness with DI 
water replaced regularly to remove the preservatives and other impurities. 
 
This membrane was formed by interfacial polymerization on a polysulfone 
backing with generic structures as shown in Figure 3.2. 
 
 
Figure 3.2 Generic structure of PA-TFC RO membrane. 
 
3.2 Isolation and fractionation of EfOM 
 
To characterize the DOC distribution of aquatic organic matter based on 
hydrophobicity and charge characteristics, isolation and fractionation via a 
series of non-ionic macroporous and ionic resins represents the current state-
                                                                                                                                                    80 
              
CHAPTER THREE MATERIALS AND METHODS 
of-the-art method. Several advantages of this method have been widely 
documented which include fast quantification by DOC analysis, high DOC 
adsorptivity and recoverability, easy regeneration of resins used, as well as 
simplicity and rapidness for large quantities of water samples (Leenheer et al., 
1981, 2001; Thurman and Malcolm, 1981; Chang et al., 2002; Maurice et al., 





















pH = 2 adjustment 











UF filtrate from WRP 
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Six fractions of EfOM, namely, hydrophobic acids (HPO-A), hydrophobic 
neutrals (HPO-N), hydrophobic bases (HPO-B), hydrophilic acids (HPI-A), 
hydrophilic neutrals (HPI-N), and hydrophilic bases (HPI-B) were analytically 
isolated and fractionated according to the method presented by Leenheer 
(1981) as shown in Figure 3.3 (a). When investigating the fouling behaviors of 
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individual EfOM fractions, as larger quantities of fractionates were required 
for subsequent fouling experiments, four major fractions, HPO-A, HPI-A, 
HPI-B and HPI-N were isolated and fractionated to make synthetic solution 
based on the method adapted from Namour and Muller (1998) as depicted in 
Figure 3.3 (b). According to these two researchers, this modified fractionation 
procedure is far less time-consuming while obtaining acceptable fractionation 
results as well.  
 
The HPO-A and HPO-B fractions were gathered as one fraction equivalent 
to the definition of AHS and the HPO-N fraction was not eluted because of its 
negligible mass ratio. A three-column array of nonionic resin (XAD-8, 
Supelco, USA), strong cation exchange resin (AGMP-50, Bio-Rad, USA) and 
weak anion exchange resin (IRA-96, Rohm and Haas, USA) was used in both 
fractionation processes. To ensure complete adsorption of EfOM fractions onto 
different resin adsorbents, fractionation was repeated once after fractionate 
elution and resin regeneration. The resins were cleaned and converted to the 
desired forms according to the above method. Borosilicate glass 
chromatography columns (006-CC-25-15-FF, Omnifit, USA) were used during 
fractionation. Teflon tubings and silicon rubber tubings (Masterflex, USA) 
were used to connect the columns to peristaltic pumps (Cole-Palmer, USA) 
and jerry cans containing water samples. Cable ties were used to fasten the 
joints of the Teflon and Masterflex tubing to prevent water leakage. Prior to 
fractionation, the columns, endpieces and the accompanying Teflon frits for 
uniform water distribution were washed with acid to remove trace carbon. 
New Teflon frits were used in each fractionation run. Resins were slowly 
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transferred to the column and a resin height to column diameter of 
approximately 4:1 was used. All glasswares used for fractionate collection 
were soaked overnight in acid, washed, sealed with aluminum foil and ignited 
at 550 oC for at least 2 h according to the Standard Methods for the 
Examination of Water and Wastewater (APHA, 1999). The distribution and 
recovery of each organic fraction was determined by performing mass balance 
of DOC across the fractionation procedure.  
 
3.3 EPS extraction 
 
EPS was extracted from conventional activated sludge samples using the 
steaming treatment. This method was recommended by Brown and Lester 
(1980) as the most effective extraction method for activated sludge among 
many chemical and/or mechanical methods due to its high extraction 
efficiency and minimal cellular disruption and has been used by many 
researchers (Zhang et al., 1999). Settled sludge flocs were first separated from 
supernatant by centrifuging at 2,000 g for 10 min. After discarding the 
supernatant, the tubes containing the pellets were topped up with DI water. 
The contents were blended in a vortex blender at high speed for 1 min to 
recover the capsule-bound material. Samples were steamed in an autoclave at 
80 oC under 1 bar pressure for 10 min and then centrifuged while still hot at 
8,000 g. During centrifugation, the temperature was reduced to 15 oC. The 
steaming treatment was used to reduce the disruptive effects on the cells of 
boiling or autoclaving under normal autoclave conditions (120 oC, 16 bar). 
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The supernatant obtained on centrifugation was filtered through 0.22 μm 
sterile disposable cellulose acetate filters to ensure that samples were free of 
cells. The EPS yielded in the extracts were represented by DOC, carbohydrate 
and protein concentrations. 
 
3.4 EfOM characterization  
3.4.1 Apparent MWD 
 
The apparent MWD of EfOM was determined by ultrafiltration 
fractionation method and HPSEC method when the analysis is sample volume 
constrained (Aiken and Malcolm, 1987; Lee et al., 2003; Zhou et al., 2000; 
Kwon et al., 2005). EfOM samples were fractionated in parallel mode at a 
constant pressure of 25 psi provided with compressed nitrogen with a stirred 
cell (8010, Amicon, USA). Regenerated cellulose UF membranes (YM series, 
Millipore, USA) with nominal molecular weight cut-off of 1, 10 and 100 KDa 
were used.  
 
3.4.2 Non-purgable organic carbon and specific ultraviolet absorbance 
measurement  
 
Secondary effluent prefiltered through 0.035 μm UF membranes were 
mainly used as feed water samples; hence the organic content accentually 
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measured were DOC values. Non-purgable organic carbon (NPOC) was 
measured using a TOC analyzer (5050A, Shimadzu, Japan) equipped with an 
automatic sample injector. It used the US EPA approved persulfate oxidation 
method for analyzing samples containing 2 μg/L to 10,000 mg/L of organic 
carbon. Replicate measurements of NPOC samples confirmed a coefficient of 
variance within 5%. Specific ultraviolet absorbance (SUVA) is often used to 
indicate the aromaticity or humic content of an aquatic organic sample. A 
UV/Visible spectrophotometer (UV-160A, Shimadzu, Japan) was used to 
measure the UV absorbance at 254 nm, (i.e., UVA254). The SUVA value of a 
water sample was calculated as the ratio of UVA254 to the NPOC 
concentration. 
 
3.4.3 Polysaccharide and protein concentration measurement 
 
Phenol sulfuric acid method is simple, rapid, and sensitive when used for 
measuring polysaccharide concentrations. It is based on the principle that 
simple sugars, oligosaccharides, polysaccharides and their derivatives undergo 
hot acid hydrolysis prior to a reaction to give the sample a stable orange color 
that can be detected at 490 nm absorbance. The reagents used are inexpensive 
and stable, giving a permanent color when reacted with the samples (Duois et 
al., 1956; Zhang et al., 1998). The detection limit is 2-100 µg/2mL. 2mL of 
sample (dilute if necessary) was first added into a test tube, and then 1 mL of 
Phenol Reagent (5% (W/V) phenol solution) was added and mixed. Using a 
rapid dispenser, 5 mL of concentrated sulphuric acid was added. After 
immediate vortexing, the sample was incubated at room temperature. After 30 
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min, the spectrophotometer was zeroed with the blank and absorbance at 490 
nm was measured after vortexing the tubes. The sample concentration was 
calculated from the calibration curve of the standards.  
 
Lowry method for protein concentration measurement is based on the 
principle that under alkaline conditions the divalent copper ion (Cu2+) forms a 
complex with peptide bonds in which it is reduced to a monovalent ion (Cu+), 
known as the Biuret reaction. Monovalent copper ion is then reacted with 
Folin reagent to produce an unstable product that becomes reduced to 
molybdenum/tungsten blue, which is detectable in the range of 500 to 750 nm. 
This method is only sensitive to low concentrations of protein in the range of 
2-100 mg L-1 and accurate for narrow pH ranges. Only small volume of 
sample (0.2 ml) is required which will have little or no effect on pH of the 
reaction mixture. (Lowry et al., 1951; Zhang et al., 1998).  Alkaline reagent 
(0.1 M NaOH, 2% Na2CO3, 0.02% sodium potassium tartrate and 1% Na 
Dodecylsulfate) and copper reagent (0.5 % CuSO4*5H2O) was first prepared 
before sample analysis. 1mL of sample (dilute if necessary) was added into a 
test tube. 5 mL of assay mix (25 mL alkaline reagent and 1 mL copper reagent) 
was then added into each test tube and thoroughly vortexed. The tubes were 
incubated at room temperature for 10 min followed by the addition of 0.5 mL 
1N Folin – Ciocalteu reagent and immediate vortexing. The tubes were 
incubated at room temperature for another 30 min. The spectrophotometer was 
zeroed with the blank and absorbance at 650 nm was measured after vortexing 
the tubes. The sample concentration was calculated from the calibration curve 
of the standards. 
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3.5 Laboratory-scale cross-flow membrane filtration unit 
 
Fouling experiments were carried out using a laboratory-scale cross-flow 
membrane filtration unit, which consisted of the feed tank, high-pressure 
pump, membrane cell, temperature control system and computer-interfaced 

















       Flow Meter 
Feed 
(a) 
Permeate Recycling (b)  
 
Figure 3.4 Schematic diagram of the laboratory-scale RO membrane 
filtration unit and operation mode (a) concentration mode; (b) 
recirculation mode. 
 
The stainless-steel rectangular membrane cell has the channel dimensions 
of 10 cm long, and 5 cm wide with a channel height of 0.2 mm. A covered 50 
L polypropylene tank was used to hold feed water (Nalgene, USA). 
Magnetically-stirred feed water was delivered to the membrane cell using a 
high-pressure pump (Hydracell, Wanner Engineering, USA). Temperature was 
maintained constant at 24±1 oC by circulating cooling water through a 
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stainless-steel coil immersed in the feed tank to eliminate flux fluctuations 
resulting from variation in temperature. Trans-membrane pressure, monitored 
by a pressure gauge (USG, USA) and cross-flow velocity monitored by 
floating-disk flowmeter (Blue-white, USA) were adjusted by the conjunction 
of the by-pass flow valve and the back-pressure regulator (GO, UK) at the 
channel outlet. Permeate flux was continuously monitored during experiment 
by a computer-interfaced digital flow meter (Optiflow 1000, Agilent, USA) 
using the RS232 data acquisition software Winwedge® for data logging. The 
filtration unit can be operated both in the concentration mode (a): with the 
permeate continuously disposed and the concentrate fully recycled, and in the 
closed-loop recirculation mode (b): with both the permeate and concentrate 
fully recycled.            
    
3.6 Experimental protocols of RO fouling experiments 
3.6.1 Phase I: Fouling behavior observation and foulant characterization   
 
A new membrane specimen was used for each fouling experiment and the 
membrane filtration unit was initially equilibrated with DI water for 24 h to 
allow for sufficient membrane compaction and thus obtain reproducible flux 
decline curves during subsequent fouling experiments. When a stable flux was 
achieved, the pure water flux was measured.  
 
Concentration mode fouling experiments were carried out to simulate 
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fouling developments till predetermined permeate recoveries of 55% and 70%, 
which corresponded to the recovery levels typically achieved in the first and 
second stages of two-stage commercial membrane installations. As membrane 
fouling rate depends strongly on its initial permeate flux, an initial flux of 
1.0×10-5 m/s, which was equivalent to 21 gfd (gallon per square foot per day) 
that was within the typical RO and NF flux ranges of 20-30 gfd, was first 
applied to observe the trend of fouling development. Due to the limited surface 
area of laboratory-scale membrane filtration unit which resulted in undesirably 
long experiment time and potential destabilization of EfOM, a higher initial 
flux of 2.0×10-5 m/s was subsequently applied to accelerate fouling 
development with the fouling layer and the fouled membrane characterized 
thereafter. The trans-membrane pressure required to attain the predetermined 
initial flux (i.e., 300 psi for the initial flux of  2.0×10-5 m/s and 160 psi for 
initial flux of 1.0×10-5 m/s) with a cross-flow velocity of 0.1 m/s were kept 
constant throughout the fouling experiment allowing permeate flux to decline 
over time.  
 
Recirculation mode fouling experiments was employed to measure the 
organic fouling potential of feed water at different CF or corresponding 
permeate recoveries till a total permeate volume of 5000 mL was collected. UF 
filtrate pre-concentrated to the targeted CF value was used as feed solution in 
the recirculation experiments. The occurrence of scaling during pre-
concentration was inhibited by adjusting the pH of feed water constantly 
below 6.0±0.5 through periodical hydrochloric acid addition. The same initial 
flux and cross-flow velocity as in the above fouling experiments were applied. 
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Samples of the feed and permeate were taken at the start, the end and several 
preset time intervals of the fouling experiment and  analyzed for total 
dissolved solids (TDS) and NPOC to monitor salt and organic rejection. 
 
3.6.2 Phase II: Fouling potential investigation of individual EfOM 
fractions   
 
Synthetic water solution spiked with organic fractionates were used as feed 
water. Background solution chemistry was selected to simulate ionic and 
organic concentrations typically observed during wastewater reclamation. A 
DOC concentration of 5.3±0.2 mg/L was used to represent organic foulants in 
all fouling experiments, which was confirmed by measuring the NPOC 
concentration of feed solution using a TOC analyzer. The total IS was set at 40 
mM by adjusting NaCl addition. CaCl2 was added in some experiments at a 
concentration of 1 mM to investigate the effect of divalent cation 
concentration on fouling rate and extent. The desired total ionic strength was 
confirmed by measuring TDS of feed solution, (i.e., 1600-1800 mg/L) using a 
conductivity meter. Feed water pH was kept at 8.0±0.2 in all experiments by 
adding 1 mM NaHCO3. All the feed solutions were prepared with Milli-Q 
reagent water.  
 
The membrane filtration unit was initially equilibrated with DI water for 
24 h as in Phase I experiments. Recirculation mode fouling experiments were 
carried out for 42 h with synthetic EfOM fractionate solution to compare the 
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fouling rate and extent of individual fractions. Trans-membrane pressure in the 
range of 170-200 psi achieving an initial permeate flux of 1.0×10-5 m/s and a 
cross-flow velocity of 0.1 m/s were maintained during the fouling experiments 
to observe the resulting flux decline. Samples of the feed and permeate were 
taken at the start, the end and several preset time intervals of the fouling 
experiment and  analyzed for TDS and NPOC to monitor salt and organic 
rejection.  
 
3.6.3 Assessment of clean water flux reversibility 
 
In order to assess the affinity of fouling layer towards the membrane or the 
reversibility of fouling occurred, hydraulic cleaning with the purpose of 
removing all loosely or reversibly absorbed foulants was conducted after each 
fouling experiment. The membrane unit was flushed with DI water at a higher 
cross-flow velocity of 0.4 m/s for 10 min without pressurization. The 
difference between pure water fluxes measured at the initial and end of the 
fouling experiment was first calculated to determine the overall flux decline. 
The ratio of pure water flux recovered from the end flux by hydraulic cleaning 
to the overall flux decline was then calculated to determine the extent of clean 
water flux reversibility as depicted in Equation (3-1). The ratio of flux 
difference from the initial pure water flux after hydraulic cleaning to the 
overall flux decline was then calculated to determine the extent of clean water 
flux irreversibility as depicted in Equation (3-2).  








                                                     (3-1) 
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0                                                    (3-2) 
where,  and  are pure water fluxes measured at the initial and end of the 
fouling experiment; and is the clean water flux measured after hydraulic 






Figure 3.5 Schematic diagram of the experiment procedure and 
assessment of clean water flux reversibility. 
 
3.6.4 Feed water fouling potential assessment 
 
Fouling potential of feed water as defined in Chapter 2 could be directly 
evaluated by portraying the incremental membrane resistance against the total 
permeate volume collected per unit membrane surface area.  
∫+= tt vdtkRR 00                                                            (3-3) 
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where J is the permeate flux (ms-1), Rt is the membrane resistance at a given 
time t, R0 is the clean membrane resistance, v is the function that describes the 
relationship of permeate flux with time t. More details on its derivation are 
described in Song et al. (2004).  
 
3.7 Membrane foulant characterization 
3.7.1 Membrane morphology and elemental composition analysis  
Surface morphological features and elemental composition of the clean 
and fouled membranes were analyzed by a scanning electron microscope 
(SEM) (JSM-5610, JEOL, Japan) equipped with an energy dispersive x-ray 
(EDX) spectrometer (ISIS, Oxford Instruments, UK). When taking SEM 
photos, glutaraldehyde fixation, stepwise ethanol dehydration and critical-
point drying with liquid CO2 were employed to avoid sample deformation 
(Zhang et al., 2003). While conducting EDX analysis, the sample was air-dried 
at ambient temperature without prior fixation to avoid sample contamination 
by organic solvents. Dried membrane samples were sputter-coated with Pt and 
mounted on copper studs with double-sided carbon tape for SEM analysis. The 
SEM photos and SEM-EDX results presented were based on reproducible 
analyses of multiple samples.  
 
3.7.2 Foulant organic ratio quantification 
 
The irreversible fouling layer after hydraulic cleaning was physically 
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stripped with a sterile spatula for the organic ratio quantification on a dry 
weight basis, or the so-called “loss on ignition” analysis in industrial 
membrane autopsies. Dry weight of the fouling layer was measured after 
repeated drying at 105 oC and cooling in desiccators until weight loss was 
within 0.2 mg. Organic ratio was quantified as the ratio of weight loss after 
ignition at 550 oC. Duplicate determinations agreed within 1% for samples 
with dry weight between 10 and 100 mg.  
 
3.7.3 Foulant organic functional group analysis  
 
Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra 
indicating the composition of organic functional groups associated with the 
clean membrane and fouling layer were obtained by a FTIR spectrophotometer 
(FRA106/S, Bruker Optics, USA) equipped with a ZnSe single-reflection 
crystal at a nominal incident angle of 45 o after air-drying. Owing to the 
overlapping of absorbance bands from the underlying membrane substrate and 
potential membrane foulants in some wavelength regions, FTIR spectra of the 
stripped fouling layer were also collected to confirm the foulant identity in the 
transmission mode with anhydrous KBr as reference background. 
Approximately 1 mg of dried sample was ground and mixed with 100 mg 
anhydrous KBr pellet and subsequently pressed into a disc for FTIR analysis.  
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3.7.4 Foulant inorganic composition analysis 
 
Inorganic composition of the physically stripped fouling layer was 
analyzed using inductively coupled plasma-atomic emission spectroscopy 
(ICP-AES) (Optima 3000, Perkin Elmer, USA) after nitric acid digestion 
according to APHA Method 3030E (APHA, 1999). 
 
3.8 Membrane surface chemistry characterization 
3.8.1 Membrane surface charge measurement 
 
Membrane surface charge properties can be represented by the ζ –potential, 
which is defined as the electrical potential at the slipping plane between the 
Stern layer and the diffuse layer. The streaming potential measurement method 
has been widely used to determine the ζ -potential of polymeric membranes 
with a flat surface due to its operation simplicity and reproducibility 
(Elimelech et al., 1994; Childress and Elimelech, 1996; 2000; Moritz et al., 
2001). Membrane streaming potential was obtained with a commercial 
electrokinetic analyzer (Anton Paar GmbH, Austria). As the measured 
streaming potential significantly depends on the electrolyte concentrations and 
pH of background solution, KCl solution of 10 mM and pH of 6.5 which 
approximated the solution chemistry of wastewater reclamation operations 
was utilized in all measurements. ζ -potential was calculated from the 
measured streaming potential using the Helmholtz-Smoluchowski equation 
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with the Fair-bother and Mastin substitution. A detailed description of the 
instrument, measurement procedure, and zeta-potential calculation can be 
found elsewhere (Afonso et al., 2001; Moritz et al., 2001).  
 
3.8.2 Membrane contact angle measurement 
Membrane contact angle was measured using sessile drop method with a 
goniometer (Rame-Hart, USA). 0.5 μL of DI water was dropped onto the dried 
membrane surface and the contact angle was measured within approximately 
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CHAPTER FOUR RESULTS AND DISCUSSIONS 
 
4.1 Part 1 – Fouling behavior and foulant characteristics of RO 
membranes for treated secondary effluent reclamation  
 
As discussed earlier, accurate fouling characterization, which involves feed 
water quality analysis and fouling potential quantification, understanding of 
fouling development behavior during membrane operations and examining the 
fouled membrane surface and fouling layer structure, is crucial to the 
formulation of effective strategies for controlling fouling of wastewater 
reclamation RO membranes. Therefore, in part 1 of this study, fouling 
behaviors (i.e., the rate and extent of flux decline and clean water flux 
reversibility) of a laboratory-scale RO system fed with UF prefiltered 
secondary effluent were first studied at two operationally important permeate 
recovery levels. The associated fouling mechanisms were delineated with the 
aid of microscopic analysis of the fouling layer characteristics (i.e., 
composition, morphology and the fouled membrane surface properties). 
Changes in feed water fouling potential along with increasing permeate 
recovery was also characterized.  
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4.1.1 Feed water characteristics 
 
A rigorous feed water analysis is crucial towards a better understanding of 
the fouling phenomenon occurring on membrane surfaces. As shown in Table 
3.1, the UF prefiltered secondary effluent was mainly of organic and brackish 
nature owing to the excellent removal of suspended solids provided by UF 
pretreatment. In comparison, the UF membrane only marginally removed the 
EfOM in feed water leaving around 95% of DOC passing through the 
membrane, which might become potential foulants on subsequent RO 
membranes (Table 4.1). SMPs or EPS entities such as carbohydrate and 
protein were preferably rejected, reflecting their bigger sizes which are usually 
present as macromolecules or colloids.  
 
Table 4.1 Efficiency of UF pretreatment in EfOM Removal 
 
 Secondary effluent UF filtrate Removal (%) 
DOC (mg/L) 6.88 (0.28) a 6.51 (0.77) 5.40 
Carbohydrate (mg/L) 3.58 (0.35) 2.78 (0.36) 22.45 
Protein (mg/L) 5.18 (0.71) 3.37 (0.93) 35.01 
a n=20, standard deviations indicated in parentheses. 
 
Owing to the structural complexity of EfOM, surrogate parameters for 
composition and physico-chemical properties were looked into. SUVA has 
been found to be a good surrogate for aromaticity (humic content) of aquatic 
organic matter. The SUVA value of EfOM observed in this study (2.2) was 
lower than the corresponding value associated with humic surface water (7.4) 
and higher than that associated with SMPs released from bacteria or algae 
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(0.2-1.0) (Her et al., 2004; Park et al., 2005).  This phenomenon could be 
explained by the fact that EfOM mainly originated from these two sources. 
That is, the allochthonous source, derived from terrestrial watersheds and the 
autochthonous source, derived from microbial activity. Their relative ratio 
could be influenced by operating conditions of the preceding biological 
treatment system. For example, extended aerobic biodegradation has been 
reported to increase the aromaticity of bulk effluent resulting in higher SUVA 
values (Namour, Ph. and Muller, 1998). Variations in feed water 
characteristics like this might in turn influence the effluent fouling potential 
during downstream RO filtration.  
 
Hydrophobic/hydrophilic and charge distribution are important properties 
of EfOM in terms of fouling potential because they tend to influence the 
interactions between EfOM and the membrane. The distribution of EfOM in 














Figure 4.1 DOC distribution of six EfOM fractions with different 
hydrophobicity and charge characteristics (average±standard deviations 
determined from triplicate measurements).  
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The EfOM distribution in secondary effluent was not significantly different 
(data not shown). EfOM observed in this study was primarily hydrophilic in 
nature with hydrophilic fractions accounting for around 68.7% of the total 
DOC. Specifically, the HPI-N fraction with a strong aliphatic character that 
has been known to be mainly associated with animo-sugar and polysaccharide 
groups, was the most abundant fraction (34.5%), which implied its potential 
importance in causing fouling of RO membranes. The attachment tendency 
with the membrane is another major factor that determines the fouling 
potential of an organic fraction besides its quantity in feed water and will be 
delineated during fouling experiments. Compared with RO membranes used in 
drinking water purification, hydrophobic acids such as humic substances 
which represent around 40-60% of the aquatic DOC, have often been 
identified as the major fouling agent (Leenheer et al., 2003). In contrast, 
hydrophobic acids only comprised 23.9% of the EfOM observed in this study. 
This observation suggested that fouling mitigation strategies should be 
developed specifically targeting at the dominant foulants identified in a water 
source. Therefore, pretreatment schemes developed for drinking water RO 
systems might not be directly transferable to RO systems treating wastewater.  
 
Figure 4.2 shows the apparent molecular weight distributions of EfOM in 
secondary effluent and UF filtrate. It can be seen that the majority of EfOM 
in UF filtrate was low-molecular-weight organic molecules smaller than 1 
KDa, which accounted for around 81% of the total DOC. This result 
explained the insignificant DOC removal achieved by UF pretreatment 
discussed earlier.  
                                                                                                                                                    100 
              
CHAPTER FOUR RESULTS AND DISCUSSIONS 







<1K 1K-10K 10K-100K >100K






















<1K 1K-10K 10K-100K >100K


























<1K 1K-10K 10K-100K >100K

















Figure 4.2 Apparent molecular weight distributions of (a) EfOM, (b) 
carbohydrate, and (c) protein in secondary effluent and UF filtrate (error 
bars indicate standard deviations determined from triplicate 
measurements).  
 
It is also noted that, a slight shift in the apparent molecular weight 
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distribution of EfOM to lower sizes occurred after the UF pretreatment. 
Considering the pore size of UF membranes used (0.035 μm), this shift could 
be attributed to enhanced organic rejection by the “dynamic” fouling layers 
formed between backwashing events in addition to membrane sieving. A 
comparison of the apparent molecular weight distribution of carbohydrates 
and proteins before and after UF pretreatment, as shown in Figures 4.2 (b) 
and 4.2 (c), suggested that carbohydrates were mainly rejected in the >100 
KDa fraction and 10-100 KDa fraction while proteins were mainly rejected in 
the 1-10 KDa fraction. This difference in rejection might be attributed to their 
different interactions with the UF membranes. It was also noted the 
carbohydrate remaining in UF prefiltered feed water had relatively smaller 
molecular sizes as compared to proteins.  
 
4.1.2 Fouling behavior with increasing permeate recovery  
 
Figure 4.3 shows flux decline curves as a function of permeate recovery at 
two different initial fluxes of 1.0×10-5 m/s and 2.0×10-5 m/s. A more drastic 
flux decline was observed for the experiments conducted at a higher initial 
flux due to the higher permeate drag and stronger concentration polarization 
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 J0= 1X10-5m/s, pH=5.0
 
 
Figure 4.3 Permeate flux as a function of recovery in concentration mode 
fouling experiments fed with UF prefiltered secondary effluent. pH was 
not adjusted for the pHambient run; pH was kept at 5.0±0.5 for the pH 5.0 
run. Operating conditions: applied pressure 300 psi for initial flux of 
2.0×10-5 m/s and 160 psi for initial flux of 1.0×10-5 m/s, cross-flow 
velocity=0.1 m/s, temperature=24±1oC. 
 
For both fouling experiments, a turning point in the flux decline curves 
was observed, after which a sharp decline in permeate flux was noted. At the 
higher initial flux of 2.0×10-5 m/s, this turning point was observed at a 
permeate recovery of 50%, beyond which the flux decline rate was greatly 
increased. At the lower initial flux of 1.0×10-5 m/s, this turning point occurred 
at a relatively higher recovery of 60%. This drastic decline phenomenon could 
possibly be attributed to precipitation of sparingly soluble salts when their 
saturation degree has exceeded the solubility limit associated with this high 
recovery. When pH value of the concentrate was maintained at 5.0, the sharp 
flux decline previously observed did not occur until recovery was above 80%. 
This pH-dependent flux decline pattern confirmed the occurrence of scaling. 
An earlier onset of scaling was observed with the fouling experiment at a 
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higher initial flux and this could be explained by the stronger concentration 
polarization phenomenon associated with the higher initial flux (Le Gouellec 
and Elimelech, 2002). 
 
Clean water flux reversibility at different initial flux and recovery levels is 
shown in Table 4.2. It can be seen that the flux loss observed was mainly 
caused by irreversible fouling which could not be restored by strong shear 
force during hydraulic cleaning. This phenomenon was different from that of 
reversible fouling arising from concentration polarization effects and/or 
weakly bound organic foulants. This finding suggested a serious concern for 
the long-term operations of RO membranes treating secondary effluent with a 
high fouling potential. 
 
Table 4.2 Clean water flux reversibility by hydraulic cleaning for fouling 
experiments at different initial flux and recoverya  
 
Experimental conditions Clean water flux 
reversibility (%) 













2.0×1.0-5 55 59.8 (0.6)b 23.7 (3.1) 
2.0×1.0-5 70 98.1 (0.9) 0.8 (0.4) 
1.0×1.0-5 55 14.7 (3.4) 35.4 (2.2) 
1.0×1.0-5 70 66.7 (1.2) 3.4 (0.7) 
a pH not adjusted.  b n=2, standard deviations indicated in parentheses. 
 
For both initial fluxes, lower clean water flux reversibility was observed at 
a recovery of 70% due to the occurrence of scaling as discussed earlier. 
Conceptually, one would expect that a stronger concentration polarization 
phenomena associated with a higher initial flux should have resulted in a 
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higher proportion of clean water flux reversibility. On the contrary, less clean 
water flux reversibility was actually observed with higher initial fluxes. For 
example, 23.7% of the overall fouling was reversible at an initial flux of 
2.0×10-5 m/s and a recovery of 70% as compared to a clean water flux 
reversibility of 35.4% at an initial flux of 1.0×10-5 m/s at the same recovery. 
This could be explained by the potential evolution of concentration 
polarization phenomenon towards irreversible fouling and corresponding 
different fouling layer structures developed at the two initial fluxes. Crozes 
and his co-workers (1997) have conducted UF pilot studies to identify 
operational factors influencing the development of irreversible fouling. Their 
findings indicated that maintaining sufficient concentrate velocity and 
backwashing frequency while limiting trans-membrane pressure and thereby 
limiting the extent of reversible fouling during filtration cycles could control 
the evolution towards irreversible fouling and thus reduce the need for 
chemical cleaning.  Therefore, this finding suggested the importance of 
optimizing the operational conditions or improving membrane element design 
to constrain the short-term reversible fouling in order to maintain the long-
term operational sustainability of membrane systems. The considerably 
different fouling behaviors and clean water flux reversibility at different 
permeate recoveries observed above could be attributed to the different 
characteristics of fouling layers developed at these recoveries. The fouling 
layers developed during the accelerated fouling experiment at an initial flux of 
2.0×10-5 m/s and ending at the permeate recovery of 55% and 70% were 
characterized and discussed below. 
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4.1.3 Fouling layer characteristics  
4.1.3.1 Organic composition of fouling layer  
 
To ascertain the nature of fouling layer developed, organic contents of the 
fouling layer on a dry weight basis was first quantified. At a permeate 
recovery of 55%, the fouling layer of light brown colour was noted to be thin 
and smooth and could be easily stripped from the membrane surface. 
 






content Organic ratio (%) 
Carbohydrate Protein  (mg) (mg) (mg /mg C) (mg /mg C) 
UF 
filtrate - - 0.44 (4, 0.07) 0.46 (4, 0.08) 9.5 (4, 0.6) 
Stripped 
7.2 (4, 2.6)a 16.5 (4, 2.2) 0.68 (4, 0.12) 1.62 (4, 0.18) 66.5 (2, 0.9) at R=55% 
Stripped 
12.9 (2, 0.3) 29.6 (2, 3.0) 0.42 (2, 0.01) 0.96 (2, 0.10) N.A. at R=70% 
(Partial) 
a Data in parenthesis indicate number of samples and standard deviation, respectively. 
NA = not analyzed; - = not applicable. 
 
As shown in Table 4.3, an organic ratio of 66.5% indicated the fouling 
layer was primarily organic in nature. Compared with feed water containing 
less than 10% organic matter, it is noted that more EfOM was deposited on the 
membrane during filtration than inorganic constituents. This led to the fouling 
phenomenon observed. At a permeate recovery of 70%, the thick and rough 
fouling layer of dark brown colour bound tightly to the membrane and could 
hardly be physically stripped. This observation is in good agreement with the 
poor clean water flux reversibility discussed earlier at this permeate recovery. 
As quantification of partially recovered foulants could not reflect composition 
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of the whole fouling layer, its organic ratio was not analyzed. 
 
Having determined that organic fouling was the major cause of flux 
decline observed at the permeate recovery of 55%, FTIR spectra were 
recorded to identify the major organic functional groups present.  
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Figure 4.4  FTIR spectra of (a) new membrane, membrane fouled at 
initial flux of 2.0×10-5 m/s and after physically stripped obtained in 
absorbance mode, (b) physically stripped fouling layer obtained in 
transmission mode. 
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As shown in Figure 4.4, the clean membrane showed typical patterns of 
TPC-PA membranes with polysulfone support layers as reported by previous 
researchers (Zhu and Nystrom, 1998; Pihlajamäki et al., 1998). It can be seen 
that the vibrational spectrum of the underlying PA membrane became more 
obscured upon fouling at increasing permeate recoveries. Consistent with the 
ease of stripping the primarily organic fouling layer at a permeate recovery of 
55%, the spectral patterns of the fouled membrane could be fully restored to 
its virgin state. In contrast, at a higher permeate recovery of 70%, the 
restoration of spectral patterns after physical stripping was minimal. To 
differentiate the overlapping absorbance bands of potential foulants from that 
of the underlying membrane substrate in certain wavelength regions, FTIR 
spectrum of the physically stripped fouling layer was also recorded in the 
transmission mode. At both recoveries, a distinctive peak was exhibited at 
1004 cm-1, which is often found associated with carbonyl (C=O) bonds of 
carbohydrates. Absorption bands were also observed at 1652 cm-1 and 1558 
cm-1 relating to amide I (C=O) and II (C-N-H) groups of protein and/or amino 
sugars (Her et al., 2004; Kimura et al., 2004). This finding indicated that small 
soluble SMP molecules present in treated effluent, primarily less than 1K Da, 
could still cause significant fouling to RO membranes. Conceptually, small 
molecules have a lower permeation drag and higher back diffusion rate than 
large macromolecules and therefore are generally considered to contribute less 
to fouling. However, the findings of this study suggested the need to further 
lowering SMP levels through more stringent pretreatment schemes such as 
enhanced coagulation, biofiltration or optimization of the preceding biological 
treatment. 
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Quantification of carbohydrate and protein shown in Table 4.3 confirmed 
their prevalence in the fouling layer. As compared to feed water, significant 
increases in both ratios of carbohydrate and protein based on DOC mass were 
noted for the fouling layer developed at permeate recovery of 55%, which 
indicated their high affinity with the membrane material. When recovery was 
further increased to 70%, the mass of carbohydrate and protein deposited was 
found to be nearly doubled only measuring the partially recovered fouling 
layer. This observation suggested that the deposition rate of organic matter was 
significantly enhanced above this “critical” recovery manifested as the turning 
point in flux decline curves (Figure 4.3). This enhanced organic deposition 
along with increasing recovery could be attributed to increases in both organic 
foulant concentrations and ionic strength, especially calcium concentration. 
Lee and Elimelech (2006) reported that increasing ionic strength and calcium 
concentration could promote the foulant-foulant interactions both in the bulk 
solution and on the membrane surface, thus resulting in a higher organic 
deposition rate and the formation of a dense and cross-linked organic fouling 
layer. At the same time, both carbohydrate and protein ratios in fouling layer at 
recovery of 70% were found to decrease compared with those at recovery of 
55% (Table 4.3). This observation indicated that, at the recovery of 70%, there 
were large quantities of organic matter deposited in addition to carbohydrate 
and protein. Thus it could be inferred that the specific interactions between 
organic foulants such as SMPs and the membrane might not be that important 
in determining the organic fouling rate due to the much stronger organic-
organic interactions at high recovery levels. This observation pointed out the 
need to devise different fouling mitigation strategies for membranes operating 
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at different recoveries considering the potential changes in the dominant 
fouling mechanisms. For example, membrane surface modification, one of the 
promising approaches to counter fouling problems, might be effective for the 
first-stage of RO having strong organics-membrane interactions, while dosing 
of organic dispersants with the aim of reducing the interactions between 
organic solutes would be more effective for the second-stage of RO.  
 
4.1.3.2 Inorganic Composition of Fouling Layer  
 
The elemental composition (excluding hydrogen) of the clean and fouled 
membranes obtained by SEM-EDX analyses is shown in Table 4.4.  
Table 4.4 Elemental composition of new and fouled membrane surface by 
SEM-EDX 
 
Element Clean membrane Fouled membrane Fouled membrane 
at R=55% at R=70% 
C 77.82 (4, 0.51)b 55.81(4, 3.39) 19.64 (3, 3.15) 
O 14.07 (4, 1.07) 30.13 (4, 2.46) 41.04 (3, 1.83) 
S 8.11 (4, 0.24) 7.68 (4, 0.36) 0.24 (3, -) 
Al ND 0.46 (4, 0.26) 1.52 (3, 0.07) 
Si ND 1.52 (4, 0.56) 0.27 (3, 0.04) 
Cl ND 0.12 (4, 0.13) ND 
Ca ND 1.57 (4, 0.69) 18.52 (3, 3.76) 
Fe ND 1.99 (4, 0.17) 0.69 (3, 0.18) 
Zn ND 0.61 (4, 0.29) ND 
Na ND 0.24 (1, -) 0.50 (3, 0.02) 
K ND 0.26 (1, -) ND 
P ND ND 14.54 (3, 1.83) 
Mg ND ND 1.84 (3, 0.18) 
F ND ND 1.86 (3, 0.69) 
a Percentage by weight. b Data in parenthesis indicate number of samples and standard 
deviation, respectively. -=single data, ND=Not detected 
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The clean membrane only showed the presence of three major elements 
comprising the membrane polymeric material (i.e., carbon, oxygen and sulfur). 
On the membrane fouled at 55% recovery, a significant increase in the weight 
ratio of oxygen was observed attributable to the deposition of organic matter 
as discussed earlier. Small quantities of metal such as calcium, iron, silicon 
and aluminum were also found, which were probably inorganic colloids 
entrapped in the sticky organic fouling layer or multi-valent cations complexed 
with accumulated organic molecules (Schneider et al., 2005; Lee and 
Elimelech, 2006). The nearly unchanged weight ratio of sulfur, which is from 
the polysulfone supporting layer, indicated again that the organic fouling layer 
developed heretofore was very thin. In comparison, sulfur was not found on 
the membrane fouled at 70% recovery because of the much thicker fouling 
layer. Instead relatively high concentrations of calcium and phosphorous were 
detected at this recovery.  
 





























































Figure 4.5 Mean particle size of concentrate with increasing recovery.  
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Calcium phosphate have been reported to be an important scaling agent of 
RO membranes for wastewater treatment when operating at high recoveries, 
which usually results in membrane pore blockage and more drastic flux 
decline than organic or colloidal fouling (Bartels et al., 2005). At the high 
recovery of 70%, crystals actually started to form in the bulk concentrate as 
shown by significant increases in both total particle counts and mean particle 
size of the concentrate (Figure 4.5). In comparison, when scaling is controlled 
via pH adjustment, increases in these two parameters due to more inter-particle 
collisions were minimal when permeate recovery was increased. 
 
Similar trends in the composition of inorganic species shown by chemical 
analysis (Table 4.5) confirmed SEM-EDX as a fast and reliable tool for 
elemental analysis in membrane autopsy.  
 
Table 4.5 Inorganic composition of physically stripped fouling layer 
Inorganic species Stripped Stripped Acid extracted 
at R=55%  (mg) at R=70%  (mg) at R=70%  (mg) 
Mg 
 a n=2, standard deviations indicated in parentheses. 
 
0.013 (0.001)a 0.327 (0.004) 0.281 (0.006) 
Ca 0.302 (0.179) 4.353 (0.066) 4.445 (0.013) 
Al 0.077 (0.025) 0.388 (0.017) 0.579 (0.025) 
Zn 0.081 (0.023) 0.209 (0.004) 0.305 (0.014) 
Ni 0.002 (0.000) 0.003 (0.000) 0.001 (0.000) 
Cu 0.009 (0.000) 0.026 (0.007) 0.020 (0.001) 
Si 0.144 (0.013) 0.075 (0.007) 0.082 (0.003) 
Ba 0.008 (0.004) 0.029 (0.008) 0.030 (0.010) 
Mn 0.005 (0.004) 0.080 (0.042) 0.076 (0.014) 
Fe 0.066 (0.032) 0.206 (0.006) 0.152 (0.010) 
K 0.030 (0.027) 0.010 (0.000) 0.058 (0.006) 
P 0.240 (0.097) 2.360 (0.187) 2.400 (0.071) 
S 0.025 (0.007) 0.035 (0.014) 0.062 (0.017) 
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At the recovery of 70%, nearly half of the total amount of inorganic 
species could only be recovered after acid extraction besides physically 
stripping due to the occurrence of scaling. Therefore, calcium phosphate 
precipitation together with organic fouling and/or their co-deposition 
contributed to severe fouling. The above results provide evidence that the 
different flux decline rate along with increasing permeate recovery could be 
closely related to the distinctive nature of fouling layers developed. 
 
4.1.3.3 Changes in membrane surface morphology  
 
SEM images of the clean and fouled membranes are shown in Figure 4.6. 
The orientation of membrane polymeric material was clearly observed on the 
clean membrane surface (Figure 4.6 (a)). No bacterial cells were visually 
identified suggesting the high efficiency of pre-chlorination and UF 
pretreatment adopted for biofouling control adopted by the full-scale water 
reclamation system. Noticeable changes in the fouled membrane morphology 
were noted with increasing recovery, which was in good agreement with the 
distinctively different fouling behaviors. At a recovery of 55%, organic 
macromolecules were sparsely and unevenly deposited on the membrane 
surface with the underlying polymer microstructures still easily observable 
(Figure 4.6 (b)). In comparison, a much more compact cake layer was 
observed at the recovery of 70%. As shown in Figure 4.6 (c), the polymer 
microstructures were totally covered up by the fouling layer when operating at 
this high recovery level. 
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Figure 4.6 SEM images of (a) clean membrane, (b) membrane fouled at 
initial flux of 2.0×10-5 m/s and recovery of 55%, (c) membrane fouled at 
initial flux of 2.0×10-5 m/s and recovery of 70%, (d) membrane fouled at 
initial flux of 1.0×10-5 m/s and recovery of 70%. pH for all experiments 
were not adjusted.  
 
Although significant amounts of calcium phosphate precipitates were 
detected in the fouling layer developed at this recovery, regular-shaped plate or 
needle crystals typically observed with inorganic scaling were not found. This 
could be attributed to the co-deposition and/or co-precipitation of organic 
foulants together with inorganic precipitates. Le Gouellec and Elimelech (2002) 
also reported that CaSO4 crystals formed together with humic substance was 
much shorter and covered with large amounts of dull matter. In comparison, 
SEM image of the membrane fouled at a lower initial flux of 1.0×10-5 m/s 
(Figure 4.6 (d)) that was expected to have less organic deposition clearly 
showed plate-like scales. There have been mixed views on how the 
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precipitation of sparingly soluble salts will be influenced by the presence of 
organic matter. Some researchers reported that the presence of organics slowed 
the scaling of barium sulfate possibly by crystallization inhibition, while 
others reported that deposited organics could facilitate precipitation of 
inorganics acting as their nuclei sites (Boerlage et al., 1997; Schneider et al., 
2005).  Further studies are needed to better understand how organic matter 
interacts with inorganic species at this high recovery.  
 
4.1.3.4 Changes in membrane surface chemistry  
  
Changes of the dominating fouling mechanism along with increasing 
recovery also led to changes in membrane surface chemistry as characterized 
by contact angle and zeta-potential (Table 4.6).  
 
Table 4.6 Surface chemistry of fouled membranes as compared to the 
clean membrane 
a Data in parenthesis indicate number of samples and standard deviations, respectively.  
b Zeta potential was measured at pH=7.0 and 100mM NaCl. 
 
After fouling at a recovery of 55%, the contact angle was slightly 
increased from 63.8o to 69.4o, which indicated that the membrane surface 
became more hydrophobic after the deposition of a primarily organic fouling 
layer. The change in membrane hydrophobicity after organic fouling would be 
 Contact angle ( o) Zeta-potential (mV)b  
Clean membrane 63.8 (10, 3.1)a -21.6 (6, 0.9) 
Fouled membrane at R=55% 69.4 (10, 3.9) -20.0 (8, 0.9) 
Fouled membrane at R=70%  86.5 (10, 5.3) -12.3 (4, 0.4) 
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determined by the nature of organic matter deposited and its relative 
hydrophobicity compared to the clean membrane substrate (Cho et al., 1998). 
With the development of a thick composite fouling layer at the recovery of 
70%, the membrane surface became significantly hydrophobic with a contact 
angle of 86.5o. Similarly, the change in membrane surface charge was minimal 
at a recovery of 55%, whereas a marked decrease in the magnitude of 
membrane charge from -21.6 mV to -12.3 mV was observed at the recovery of 
70%. The above results suggested that the membrane surface became more 
hydrophobic and less negatively charged after the occurrence of fouling and 
such changes were more prominent at higher recovery levels such as in the 
second-stage of RO. As hydrophobic interactions become stronger and 
electrostatic repulsions become weaker, the operating environment becomes 
unfavorable because they would facilitate attachment of foulants and 
ultimately accelerate fouling development rate. 
 
4.1.4 Fouling Potential with Increasing Recovery  
 
As shown in Figure 8, the organic fouling potential of feed water with 
increasing recovery was characterized after inhibition of scaling was attained 
through pH adjustment. It can be seen that when permeate recovery was 50%, 
which corresponded to a feed water concentration factor of 2, the fouling 
potential doubled accordingly. However, when permeate recovery was further 
increased to 75%, corresponding to a concentration factor of 4, the fouling 
potential increased to ten times of the original value. 
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k =1.00×1010 (R=0.9404) 
k =1.97×1010 (R=0.9381) 
 
 
Figure 4.7 Incremental resistance as a function of permeate volume. 
Operating conditions: applied pressure 160 psi for initial flux of 1.0×10-5 
m/s, cross-flow velocity=0.1 m/s, temperature =24±1oC, pH=5.0±0.5.  
 
Such significant increase in organic fouling potential could be attributed to 
increases in both organic and ionic concentrations along with increasing 
recovery, which would reduce the organic-organic and organic-membrane 
electrostatic interactions. Although colloidal and soluble species in feed water 
might contribute to significant fouling in membrane applications as 
demonstrated in this study, most commonly used fouling potential 
measurement methods such as SDI and MFI are unable to characterize them 
adequately and therefore cannot reflect the changes in feed water quality and 
operation conditions such as recovery.  By adopting a new fouling potential 
definition developed by Song and his co-workers (2004), the increase in 
organic fouling potential along with permeate recovery could be adequately 
reflected. More importantly, the result indicated the drastically increased 
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potential of organic fouling in the second-stage of RO, where more efficient 
fouling control would be needed.  
4.1.5 Summary – Part 1 
 
More rapid flux decline and poor clean water flux reversibility were 
observed when recovery was above a critical value for both fouling 
experiments at different initial fluxes. There was a remarkable correlation 
between the different fouling behaviors observed and the characteristics of 
fouling layers developed. Organic fouling by carbohydrates and protein-like 
matters, which are prevalent SMP components in secondary effluent, was 
found to be primarily responsible for the flux loss below a recovery of 55%. 
At a higher recovery of 70%, the greatly enhanced deposition of organic 
foulants together with inorganic precipitation led to the formation of a thicker 
and irreversible composite fouling layer. Calcium phosphate and calcium 
carbonate were found to be the major precipitates at this recovery most likely 
formed via bulk crystallization as indicated by concentrate particle counting 
and size distribution analysis. The enhanced organic deposition along with 
increasing permeate recovery was also corroborated by the significantly 
increasing organic fouling potential measured after inhibition of scaling. 
Fouling at high recoveries also resulted in a marked change in the membrane 
surface properties making the membrane more hydrophobic and less 
negatively charged, which would potentially further accelerate the fouling 
development. 
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4.2 Part 2 – Fouling of RO membranes by EfOM: relating 
major components of EfOM to their characteristic fouling 
behaviors  
 
The results in Part 1 indicated that organic fouling by carbohydrates and 
protein-like matters, which are prevalent EfOM components, are major 
contributors to the fouling phenomena observed at both first-stage and second-
stage of RO processes. Furthermore, organic fouling potential was found to 
increase greatly along with increasing recovery levels, which may impose a 
limiting factor for further improving the productivity of commercial RO 
applications for wastewater reclamation. However, owing to the current lack 
of knowledge on the composition and characteristics of this structurally 
complex and poorly-defined organic mixture, it is challenging to devise 
strategies for its effective control. If the “critical” EfOM fraction(s) 
contributing most to RO fouling (i.e., the structures and characteristics 
associated with the highest fouling potential) could be identified, effective 
cleaning strategies specifically targeting at these organic components could be 
developed rather than using generic methods. With a better understanding of 
the relationship between the EfOM physico-chemical properties and fouling 
potential, it might also be possible to reduce fouling potential of feed water by 
modifying the concentration and composition of EfOM through biological 
treatment or pretreatment upstream RO membranes. Therefore, in Part 2, well-
controlled laboratory-scale fouling experiments were carried out with major 
fractional components of EfOM to obtain a better understanding of 
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interactions between individual EfOM fractions and RO membranes and 
thereby identify the most influential fraction(s) or physico-chemical properties 
governing the fouling process. Four EfOM fractions were isolated from UF 
prefiltered secondary effluent based on hydrophobicity and charge 
characteristics and EPS were extracted from the biological treatment stage. 
Physico-chemical properties of individual fractions were rigorously 
characterized and their relationships with fouling behaviors observed were 
analyzed. As an operationally significant solution chemistry parameter, the 
effect of calcium ions was also studied. The extent of flux decline was 
associated with the mass of fouling layer deposited and the affinity of fouling 
layer with the membrane was also assessed after hydraulic cleaning was 
carried out on the fouled membrane. 
 
4.2.1 Distribution, composition and characteristics of EfOM fractions 
 
Before studying fouling behaviors of the individual EfOM fractions and 
EPS extract, a rigorous characterization of the organic compounds obtained is 
essential to ensure the reliability and reproducibility of the preparative 
fractionation or extraction process and obtain information on the composition 
and physico-chemical properties of individual organic fractions. Figure 4.8 
shows EfOM fractionation results based on hydrophobicity and charge 
properties.  
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Figure 4.8 DOC distribution of four EfOM fractions with different 
hydrophobicity and charge characteristics (average±standard deviations 
determined from triplicate measurements).  
 
In this study, the EfOM present in UF prefiltered secondary effluent was 
primarily hydrophilic in nature with the hydrophilic fractions collectively 
accounting for 62.9-69.9% of EfOM measured as DOC. The result obtained 
with the same secondary effluent without UF filtration was not significantly 
different (data not shown). Shon and his co-workers (2006) reported similar 
hydrophobic/hydrophilic distribution result of secondary effluents during 
summer seasons, while the hydrophobic components were found to dominate 
during winter seasons. Considering this study was undertaken in tropical 
regions, it appeared that high hydrophilic ratios of EfOM were related to some 
extent to temperate temperatures. As organic hydrophobicity has been 
observed as an important factor in determining the strength of membrane-
foulant interactions, this variation in the hydrophobic/hydrophilic distribution 
of EfOM might have impact on its fouling potential during subsequent RO 
filtration. Namour and Muller (1998) also reported that extended biological 
treatment could result in significantly increased percentage of AHS fraction in 
treated effluent. Imai and his co-workers (2002) observed ozonation nearly 
doubled the percentage of HPIA fraction and significantly decreased both AHS 
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and HPO-N fractions. These results suggested that it might be possible to 
modify the fouling potential of treated effluent by altering the 
hydrophobic/hydrophilic distribution ratios of different EfOM fractions via 
changing operating conditions of the preceding biological treatment and/or 
adopting pertinent pretreatment schemes. 
 
To understand the composition of individual EfOM fractions and EPS 
extract at the compound-class level, the concentrations of carbohydrate and 
protein, currently identified as two major generic components of EfOM, on 
unit DOC mass basis and SUVA value representing the AHS content or 


























































Figure 4.9 Carbohydrate, protein and SUVA distribution of EfOM 
fractions and EPS extract. 
 
As shown in Figure 4.9, EfOM were fractionated into more homogeneous 
organic groups with different characteristics. The HPIN fraction was found to 
possess highest concentration of carbohydrate while exhibiting the lowest 
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SUVA value which implied having a rather low percentage of aromatic organic 
compounds. The EPS extract exhibited highest proteinaceous content and 
medium carbohydrate content owing to the presence of macromolecular 
compounds such as proteins, polysaccharides, amino-sugars, nucleic acids, 
and other cell components originated from microbial metabolic activities. In 
comparison, the HPIA fraction was characterized by a rather low carbohydrate 
and protein contents but with a high SUVA value. This observation could be 
reasonably expected as HPIA fraction has been reported to mainly comprise of 
various hydroxy acids with strong hydroxyl and carboxyl characteristics. 
However, it was noteworthy that SUVA value of individual EfOM fractions 
observed in this study appeared to correlate better with the proteinaceous 
content rather than the AHS content. SUVA has been frequently viewed to 
mainly associate with AHS indicating the aromaticity of NOM. However, 
protein-like compounds such as aromatic amino acids actually have a much 
stronger absorbance at 254 nm owing to the presence of phenolic functional 
groups (Frolund et al., 1995). Therefore, for EfOM which is made up of a 
variety of structurally complex organic components, SUVA might not 
necessarily be a good index for hydrophobic acids such as AHS.  
 
Figure 4.10 shows molecular weight distributions of the individual EfOM 
fractions and EPS extract.  
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Figure 4.10 Molecular weight distributions of EfOM (after UF filtration), 
EfOM fractions and EPS extract.  
 
It can be seen that despite exhibiting high polydispersivity, EfOM as a 
whole represented a group of small organic molecules with around 80% of the 
DOC falling in the <1 KDa molecular weight range. Other researchers also 
reported similar small molecular weight of EfOM remaining in the treated 
secondary effluent (Imai et al., 2002). This phenomenon suggested higher 
challenges to devise an effective strategy for controlling fouling of wastewater 
reclamation RO membranes as conventional pretreatment schemes could 
hardly deal with such small organic compounds efficiently. Except for AHS 
(which were mostly medium size organic components with molecular weight 
falling in the 1-10 KDa range), almost all other EfOM fractions were primarily 
made up of small organic molecules. Jucker and Clark (1995) reported similar 
molecular size results for hydrophobic humic and fulvic acids, which are the 
major constituents of AHS fraction. In contrast, the EPS extract possessed a 
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significantly larger proportion of large macromolecules. The 10-100 KDa and 
>100 KDa molecular weight groups accounted for a total of 39% of its DOC, 
whereas for the other organic fractions, no more than 18% of DOC fell in the 
two molecular weight groups combined. Therefore, it should be noted that 
although this category of compounds have often been associated with organic 
fouling of wastewater reclamation RO membranes, they were not present in 
large quantities in the UF prefiltered secondary effluent used as RO feed water. 
 
4.2.2 Membrane fouling by various EfOM fractions 
4.2.2.1 Flux decline rate and extent 
 
Fouling experiments were performed with the individual EfOM fractions 
and EPS extract to evaluate their fouling potential during RO membrane 
filtration. Typical flux decline curves as a function of filtration time are 
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Figure 4.11 Permeate flux as a function of time in membrane fouling 
experiments fed with individual EfOM fractions and EPS extract. 
Operating conditions: Δp= 170-200 psi for initial flux of 1.0×10-5 m/s; 
cross-flow velocity=0.1 m/s; temp=24±1oC. [NaHCO3] =1mM, [CaCl2] 
=1mM if added, IS=40mM, pH=8.0±0.2, NPOC=5.3±0.2 ppm, V=5L. 4 
runs repeated for the total of 10 runs, reproducibility is satisfactory.  
 
Except for the HPIA fraction, the other three EfOM fractions and EPS 
extract resulted in different extent of flux decline for the duration of the 
experiments. The almost unnoticeable flux decline caused by the HPIA 
fraction could be reasonably expected considering the physico-chemical 
characteristics of this fraction. The hydrophilic nature and prominently 
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negatively-charged acidic groups comprising this fraction were could be more 
easily repulsed from the similarly charged membrane. In comparison, the 
positively-charged HPIB and neutrally-charged HPIN fractions would be less 
strongly rejected by the negatively-charged membrane and actually were 
found to result in higher extent of flux decline. The strongest membrane 
fouling was observed to result from the HPIN fraction followed by the EPS 
extract. Interestingly, a significant difference was observed in their fouling 
patterns. The HPIN fraction resulted in a nearly consistent flux decline rate 
over the filtration duration, whereas the EPS extract led to a rapid initial flux 
decline which gradually lessened with increasing filtration time. This 
observation indicated EPS macromolecules were more easily deposited and 
attached onto the membrane surface under permeation drag, while the 
thickness of resulting fouling layer might reach pseudo-steady state earlier 
than the HPIN fraction. This difference observed in flux decline rates might be 
attributed to the different organics-organics and organics-membrane 
interactions of these two fractions during membrane filtration and the resulting 
different fouling layer properties, which would be fundamentally influenced 
by their different physico-chemical characteristics. This phenomenon will be 
further investigated in the following sections. Earlier characterization results 
showed that the HPIN fraction possessed the highest content of carbohydrates 
among all four major EfOM fractions, whereas the EPS extract contained 
significantly higher concentrations of proteinaceous matter, which was around 
two times of the other fractions. Therefore, this study suggested that 
carbohydrates present in treated effluent affected RO membranes more 
significantly than protein-like matters on unit mass basis. Many studies have 
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reported the important role played by organic colloids or macromolecules of 
microbial origin in organic fouling wastewater treatment membranes (Park et 
al., 2005; Jarusutthirak et al., 2006). This phenomenon might be due to their 
easier deposition onto the membrane surface discussed above. However, 
considering their relatively lower concentrations in feed water, the actual 
contribution of these biopolymers to membrane organic fouling (i.e., the 
specific resistance of the fouling layer formed and its reversibility during 
membrane cleaning) needs to be further investigated. The negatively-charged 
AHS fraction was found to result in only minor flux decline despite the 
hydrophobic interactions possibly due to the strong electrostatic repulsions. 
Hence, the above results suggested a close correlation between the 
composition and physico-chemical characteristics of EfOM fractions and their 
membrane fouling potential.  
 
4.2.1.2 The influence of calcium ions 
 
As an important water quality parameter, the influence of calcium ions on 
organic fouling of NF/RO membranes has been studied by several researchers 
mainly using model compounds (Hong and Elimelech, 1997; Lee et al., 2006; 
Ang and Elimelech, 2007; 2008). Its presence was observed to aggravate 
fouling phenomenon caused by organic acids of both hydrophobic and 
hydrophilic nature (i.e., humic acids and alginic acids) and to a lesser extent 
hydrophilic bases (i.e., BSA) supposedly via charge neutralization, 
complexation and forming calcium bridges. However, opposite effects were 
also observed with fatty acids (i.e., octanoic acids) owing to the decreasing 
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organic hydrophobicity after calcium addition (Ang and Elimelech, 2008). The 
influence of calcium ions on the fouling potential of EfOM components at 
typical concentrations of commercial applications was studied while keeping 
pH and total ionic strength of the feed solution constant. As shown in Figure 
4.11, the individual EfOM fractions and EPS extract responded differently 
towards the presence of calcium ions. The resulting increase in flux decline 
rate and extent was found to follow the order: HPIB~AHS<EPS~HPIN<HPIA. 
The significant increase in the fouling potential of HPIA fraction could be 
reasonably expected, which is due to charge neutralization and similar to the 
results obtained with model hydrophilic acid foulants (Lee et al., 2006). The 
addition of calcium ions also resulted in a slight increase in the fouling rate of 
HPIN fraction. This might be due to charge repulsion, complexation and/or 
formation of calcium bridges which in turn result in the formation of a fouling 
layer with a denser arrangement. No further discussions about the underlying 
mechanisms have been given in the literature thus far. However, the lessened 
fouling caused by AHS and HPIB fractions after calcium addition was beyond 
expectation. Previous studies with model compounds have reported calcium 
addition would aggravate the fouling problem resulting in enhanced organic 
deposition on the membrane surface (Hong and Elimelech, 1997; Ang and 
Elimelech, 2007). The abnormal observations obtained in this study might 
possibly be explained by the different composition (e.g. functional group and 
charge density) of the organic surrogates and real organic components in real 
treated effluent samples as revealed by earlier characterization results. Other 
possibilities might be the formation of organic aggregates which would be 
easily carried away by shear or changes in hydrophobicity of organic foulants 
                                                                                                                                                    129 
              
CHAPTER FOUR RESULTS AND DISCUSSIONS 
(Almalack and Anderson, 1996). More advanced fouling layer characterization 
techniques would be required to unravel the underlying mechanisms. The 
presence of calcium ions did not significantly impact the fouling behavior of 
EPS extract either, possibly due to the weak response by predominantly 
proteinaceous matter as observed with the HPIB fraction.  
 
4.2.3 Mass of fouling layer deposited 
 
When RO membranes become fouled, the resulting additional hydraulic 
resistance to permeate flow would be determined by the mass (e.g. thickness) 
and properties of the fouling layer (e.g., porosity and compressibility) 
deposited on the membrane surface. Fundamentally, the initial deposition of 
organic molecules is postulated to be controlled by the interplay of permeation 
drag towards the membrane surface, shear force carrying the foulants away 
from the membrane surface, and the membrane-organic interactions (e.g. 
hydrophobic and electrostatic interactions). The ensuing fouling layer growth 
and the fouling layer properties would possibly be governed by the interplay 
of permeation drag force, shear force and organic-organic interactions. In 
commercial applications where hydrodynamic conditions are most of the time 
fixed, these membrane-organic and organic-organic interactions would be 
inferred to be influenced by physico-chemical characteristics of organic 
foulants together with solution chemistry. Therefore, physico-chemical 
characteristics of EfOM would be expected to also have an impact on the 
fouling layer mass and properties. Figure 4.12 shows the accumulated organic 
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masses (in terms of total organic carbon) during filtration of individual EfOM 











































































Figure 4.12 Relationship between deposited organic carbon mass and 
extent of flux decline for EfOM fractions and EPS extract.  
 
It is noted that the organic carbon masses accumulated correlated well with 
flux declines for most fouling experiments except for the EPS extract. 
Although the extent of resulting flux decline differed by no more than 20%, 
this EPS extract fraction revealed significantly higher (around three times) 
accumulated mass than the other EfOM factions. This finding suggested EPS 
macromolecules have a greater tendency to attach and deposit onto the 
membrane; while for a given mass deposited, they imparted less additional 
resistance to permeation flow compared with other EfOM fractions. The lower 
resistance of the EPS fouling layer might be attributed to their high molecular 
weight distributions as shown in Figure 4.10, which resulted in a fouling layer 
of significantly higher porosity. For all EfOM fractions, the impact of the 
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presence of calcium ions on flux decline extent was also reflected in the 
accumulated mass. However, nearly unchanged flux decline was observed 
along with increased EPS accumulation after calcium addition. EPS molecules 
might interact with calcium ions more easily compared with small EfOM 
molecules, while more in-depth characterization of the fouling layer is needed 
to corroborate this finding.  
 
4.2.4 Affinity of fouling layer with the membrane  
 
When studying membrane fouling and devising pertinent fouling control 
strategies, the affinity of fouling layer with the membrane is also an important 
aspect to consider as it will determine clean water flux reversibility during 
cleaning cycles and thus the long-term sustainability of membrane operations. 
Previous studies on organic fouling of NF/RO membranes by NOM showed 
that the inner layer of organic molecules adsorbed onto the membrane more 
tightly via chemical adsorption and could only be removed via chemical 
cleaning - the so-called “irreversible fouling”. In contrast, the outer layer of 
organic molecules physically attached to the membrane surface loosely and 
could be displaced via hydraulic cleaning - the so-called “reversible fouling”. 
Clean water flux reversibility, the extent of membrane permeability restorable 
after hydraulic cleaning was calculated to assess the affinity of fouling layer 
developed after filtration of the individual EfOM fractions and EPS extract.  
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Figure 4.13 Ratio of clean water flux reversibility after hydraulic cleaning.  
 
 
As shown in Fig. 7, a much stronger affinity with the membrane was 
observed with hydrophilic carbohydrates which resulted in the highest flux 
decline also. Interestingly, although EPS macromolecules tended to attach and 
deposited on the membrane surface in large quantities, their cake layer 
exhibited a much lower affinity towards the membrane and also constituted a 
lower specific resistance. The porous fouling layer formed by EPS 
macromolecules and the organic aggregates might be more susceptible to high 
shear force during hydraulic cleaning. The application of biological filtration 
as pretreatment to RO membranes has been cautioned because of potential 
carrying over of EPS macromolecules to downstream RO processes. However, 
the findings of this study suggested that these biopolymers possibly 
constituted a much lesser long-term fouling threat than small hydrophilic 
carbohydrates if the potential biofouling problem associated could be safely 
controlled. Along with flux decline results, this study suggested that it might 
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be necessary to develop fouling control strategies specifically targeting at 
hydrophilic neutral organic compounds in order to more efficiently control the 
fouling of wastewater reclamation RO membranes. 
 
4.2.5 Summary – Part 2  
 
Individual EfOM fractions and EPS extract exhibited distinct physico-
chemical properties in terms of carbohydrate and protein concentrations, 
aromaticity and molecular weight distribution. Organic fouling behavior of 
EfOM was observed to closely correlate to the composition and physico-
chemical properties of its components. Both hydrophilic in nature and strongly 
negatively-charged, the hydrophilic acid fraction resulted in minimal flux 
decline. Regardless of the presence of calcium ions, the highest flux decline 
extent was observed with the hydrophilic neutral fraction mainly composed of 
small carbohydrates followed by the EPS extract. The organic mass 
accumulated on the membrane surface was found to correlate well with the 
flux decline except for the EPS extract. Although EPS macromolecules 
showed a prominently higher deposition potential onto the membrane surface, 
its fouling layer displayed a much lesser specific resistance and affinity to the 
membrane as compared to other EfOM fractions. Therefore, it would be 
expected to impose a weaker fouling threat for long-term operation. The 
results obtained in this study suggested that fouling phenomenon of RO 
membranes treating wastewater might be mitigated by reducing the 
concentrations of small hydrophilic neutral organics. The required changes in 
the composition or physico-chemical properties of EfOM might be 
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accomplished by implementing pertinent pretreatment or modifying 
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CHAPTER FIVE  
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions  
The following conclusions can be drawn from this study: 
1.   For wastewater reclamation RO membranes, distinctly different fouling 
behaviors and clean water flux reversibility were observed at two 
operationally important permeate recovery levels (i.e., the first-stage RO 
operating with a recovery of 55% and the second-stage RO with a higher 
recovery of 70%). This phenomenon could be attributed to the different 
characteristics of fouling layers developed at these recoveries.  
i. More rapid flux decline and poor clean water flux reversibility were 
observed when recovery was above a critical value for both fouling 
experiments at different initial fluxes. At the lower initial flux of 
1.0×10-5 m/s, this turning point occurred at a permeate recovery of 60%, 
whereas at the higher initial flux of 2.0×10-5 m/s, this turning point was 
observed at a relatively lower recovery of 50%. 
ii. Organic fouling by carbohydrates and protein-like matters, which are 
prevalent SMP components in treated secondary effluent, was 
primarily responsible for the flux loss below a recovery of 55%. 
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iii. More severe organic fouling together with inorganic precipitation of 
calcium phosphate and calcium carbonate resulted in a more drastic 
and irreversible flux loss at a higher recovery of 70%. 
iv. The membrane fouling potential of effluent organic matter (EfOM) 
was found to increase greatly with increasing permeate recovery. 
When permeate recovery was increased to 75% which corresponded to 
a feed water concentration factor of 4, the fouling potential was 
increased to 10 times its original value. 
v. Fouling at high recoveries also resulted in a marked change in the 
membrane surface properties making the membrane more hydrophobic 
and less negatively charged, which would potentially further accelerate 
the fouling development. 
2. EfOM present in UF prefiltered secondary effluent was primarily 
hydrophilic in nature and represented a group of small organic molecules 
in spite of exhibiting a high polydispersivity.   
i.    Hydrophilic fractions collectively accounting for 62.9-69.9% of EfOM 
measured as DOC. 
ii. Around 80% of the DOC falling in the <1 KDa molecular weight range. 
iii. Individual EfOM fractions and EPS extract exhibited distinct physico-
chemical properties in terms of carbohydrate and protein 
concentrations, aromaticity and molecular weight distribution. 
3. A clear correlation was observed between the physico-chemical properties 
of EfOM fractions and their fouling potential.  
i. Under hydrodynamic and chemical conditions typical of commercial 
applications, the hydrophilic neutral fraction, mainly composed of 
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small size carbohydrates, resulted in the highest flux decline and 
exhibited highest affinity towards the membrane. 
ii. EPS biopolymers, to which great importance has been associated with 
regard to causing RO organic fouling, resulted in less fouling as 
compared with carbohydrates. Although EPS biopolymers tended to 
attach and deposit on the membrane surface in large quantities, their 
cake layer exhibited a much lower affinity towards the membrane and 
also constituted a lower specific resistance. 
iii. Both hydrophilic in nature and strongly negatively-charged, the 
hydrophilic acid fraction resulted in minimal flux decline.  
iv. The contribution of AHS and other hydrophilic fractions to membrane 
fouling were found to be much lower as compared to hydrophilic 
carbohydrates and EPS biopolymers.  
 
5.2 Recommendations for future studies 
Based on the observations and results obtained from this study, the following 
are recommended for future studies:  
1. This current study has identified the “critical” foulant types and associated 
fouling mechanisms on wastewater reclamation RO membranes and 
provided valuable insight into the effects of the composition and physico-
chemical properties of structurally complex EfOM on its fouling behaviors. 
However, the use of fractional components of EfOM created an operating 
environment that is different from the real-world operation condition. Thus, 
there is still a gap between what was observed in this study and the true 
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organic fouling phenomenon occurring during commercial RO 
applications. In view of this, it would be desirable that the study of fouling 
behaviors could be extended to also include the interactions of different 
organic fractions as these organic components coexist naturally in feed 
water and might have steric and electro-static interactions. These 
interactions might subsequently have an influence on organic fouling 
behavior on the membrane.  
 
2. A laboratory-scale membrane setup and concentration mode operation 
were employed in this study to simulate fouling development till 
predetermined permeate recoveries (i.e. 55% and 70%). Specifically, the 
recovery of water was obtained via filtration through a single piece of 
membrane specimen over time. Inevitably, the fouling layer formed at 
higher recovery levels would coat onto the formerly deposited fouling 
layer formed at lower recovery levels. Nevertheless, in full-scale RO 
plants, the high recovery levels are attained by the larger membrane 
surface area in a membrane cell and thus the fouling layer formed in-situ 
would reflect the “true” fouling behaviors. Therefore, although the results 
obtained in this study could provide us some insight on underlying 
membrane fouling mechanisms during RO reclamation of real wastewater 
effluent, this discrepancy might potentially result in uncertainties about the 
practical significance of these results. Improvement in the design of the 
laboratory-scale experiment setup to simulate hydrodynamic operation 
conditions and at the same time achieve high permeate recovery levels 
would be desirable.  
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3. In this study, the method developed by Song and his co-workers for feed 
water fouling potential quantification was demonstrated efficacious in 
characterizing the changes in feed water fouling potential along with 
increasing recovery levels and accordingly increasing organic and 
inorganic solute concentrations. With this method, the fouling potential of 
feed water samples undergoing biological treatment under different 
operating conditions or different pretreatment schemes could be 
characterized and compared by conducting rapid laboratory-scale cross-
flow membrane filtration experiments to avoid time-consuming and 
expensive pilot studies. The results obtained would be rewarding towards 
screening pertinent water sources or optimizing biological treatment and/or 
pretreatment schemes in order to mitigate the fouling phenomenon during 
RO membrane applications.  
 
4. Thus far, incomplete knowledge about the composition and characteristics 
of EfOM remains a great hindrance towards our better understanding of 
the role of EfOM in membrane fouling. Most of the currently available 
characterization techniques require large quantities of water samples and 
they are complicated and require time-consuming pretreatment steps. 
Some of these pretreatment steps have also been known to potentially 
compromise the integrity and/or alter the structure of organic matter 
studied. Furthermore, it is often difficult to directly compare the results 
reported by different researchers using different methodologies and 
approaches as most of methodologies are operationally defined. Therefore, 
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future studies are needed to develop simple, standardized, fast and non-
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APPENDIX A  
Appendix A    Publications and conference papers from this 
project  
 
A.1 Journal publications 
 
1. Liang S., Zhao Y., Liu C. and Song L. (2007). “Effect of solution 
chemistry on the fouling potential of dissolved organic matter in 
membrane bioreactor systems”. J. Membr. Sci., 310 (1-2), pp. 503-511. 
 
2. Zhao Y., Song L. and Ong S.L. (Submitted). “Fouling Behavior and 
Foulant Characteristics of Reverse Osmosis Membranes for Treated 
Secondary Effluent Reclamation”. J. Membr. Sci.   
 
3. Zhao Y., Song L. and Ong S.L. (Submitted). “Fouling of RO membranes 
by effluent organic matter (EfOM): relating major components of EfOM to 
their characteristic fouling behaviors”. J. Membr. Sci.   
 
 
A.2 Conference papers 
 
1. Zhao Y. and Song L. (2007). “Organic fouling potential characterization of 
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